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EDITOEIAL PREFACE. 


The advances made within the realm of electrical engineerittg. 
during the twentieth century have been phenomenal. 

In the field of electric power supply the Rational Elec- 
tricity Scheme has been conceived, designed and put into com- 
mission, thus increasing the reliability and availability of the 
service. Meanwhile the allied sciences of electrical communi- 
cations and high frequency technique have moved forward with 
gigantic steps ; indeed, it is hardly too much to say that, due to 
the advent of the electronic tube and its application in both the 
power and communications branches, certain aspects of electrical 
engineering practice have been completely revolutionized. 

In view of these epoch-making advances, it is not surpris- 
ing that the electrical engineer whose college days are some 
years behind him finds it necessary to do a considerable 
amount of reading in order to keep abreast of modem de- 
velopments, while the student who is reading for a Universitj? 
degree is nowadays expected to possess at least an outline oi 
the field of electrical physics in addition to a comprehensive 
knowledge of electrical technology. 

While, however, the literature dealing with these advances 
is both comprehensive and voluminous, it is also scattered anc 
thus avafiable only by extensive literary research. The aiir 
of each monograph published in this series is to give a moden 
orientation of a particular subject within the confines of j 
small book, thus obviating the necessity for searching througl 
the transactions of innumerable learned societies. At th( 
same time, for those wishing further to extend their know 
ledge, each monograph contains references to the more im 
portant publications relating thereto. 
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The satisfactory accomplishment of this object necessarily 
implies that the author must fulfil the dual function of collator 
and interpreter ; for this reason, one of the editor’s most im- 
portant tasks has been to induce acknowledged authorities to 
write for this series. In this respect, he has been fortunate 
beyond his expectation, and each monograph has been written 
by an author who is eminent in his chosen field and thus writes 
with the authority which is the result of intimate knowledge. 

It is hoped that the Monographs will succeed in' filling a 
gap which has hitherto existed in scientific literature. 

H. P. YOUNG. 



FOREWORD. 


In connexion with the matter of electrical measurements 
Great Britain has always held a fortunate position. Not onl; 
had she her share of pioneers when electricity became an exac 
science, but many of her eminent scientists have been closel; 
associated with the subsequent development of electrics 
measuring instruments. The work of such scientists has bee] 
unique, where it has extended from the establishment of th 
underlying principle to the design, construction and calibratio: 
of the new instruments. Such versatility rather recalls th 
early days of printing, when the same scholar would write o 
translate, compose, print and publish. 

Among the well-known instrument designers and maker 
of the present day the author of this book, Mr. D. 0. Ga! 
has certainly earned a place. Those who have the privilege o 
knowing him will readily agree that the subject of precisio: 
measurements is much more than a commercial ajfair wit. 
him. His keenness to develop methods or instruments t 
satisfy given requirements and to assist the user to overcom 
difficulties will also be evident to the reader. One iUustratio 
alone need be cited — the alternating current potentiometer 
As an instrument of precision, many have given it up owin 
to difficulties associated with its use. The author recognize 
these difficulties and faces them. He designs an instrumer 
with an accuracy within the range of reasonable attainmer 
but plainly sets forth the conditions to be fulfilled. The reade 
thus appreciates that a.c. measurements cannot be carrie 
out with the same degree of accuracy as d.c. measurements 
and that in order to obtain what is reasonably possible wit 
alternating current, requirements such as steady condition 
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patience, skill and care must be met. These facts the writer 
knows from experience and the success gained thereby has 
proved to him that the a.c. potentiometer is too useful an 
instrument to be discarded. 

We hope that the author has succeeded in imparting some 
of his own outlook on precision measurements to his readers, 
and so developed in them a critical faculty for which they 
will always be grateful. 

S. PARKER SMITH. 


Royal Technical College, 
Glasgow. 



AUTHOR’S PREFACE. 


This book is due to the encouragement of Mr. H. P. Young 
and has for its purpose the recording of the experience which 
has come my way in a close association with the art of electrical 
measurement. Now that it is concluded, my grateful thanks 
are due to him for his persistence, without which I had wearied 
of the discipline of putting down in writing the principles and 
practice of this branch of the art as I have understood them. 

I am grateful to Dr. L. G. A. Sims for reading the draft 
proof and for many needful corrections. To Mr. D. Rutenberg 
I am greatly indebted for his long search into the historical 
archives of the subject and for his systematic help in many 
other directions. I have to thank Mr. D. Connelly for a great 
deal of help and the fine examples of actual measurement 
carried out at the Royal Technical College, Glasgow, upon 
which I have drawn freely, with the permission of Professoi 
Parker Smith from whom I have received help and encourage- 
ment at every stage. 

Since the subject-matter deals with methods of measuremeni 
and the apparatus involved therein, there is little mathematica 
work. A knowledge of alternating current theory is requisitf 
in applying the results of measurements made with the a.c 
potentiometer. Chapter XIII is included to give a summary o 
the most usual calculations which are involved and to assis 
students in applying the rules of vector algebra, which the;; 
are assumed to have already learnt, to the interpretation o 
the results of measurements made with any type of a.c. potentio 
meter. It is also intended to explain why no distinction i 
made in the symbols used throughout between vector an 
simple numerical values of voltage aud current. The natur 
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of any quantity will be at once obvious from the measurement 
and the use of dots to indicate vector values seems to have no 
practical value and has already been discontinued in recent 
works on circuit theory. Students who receive their early 
instruction in alternating current circuit theory by the use 
of the simple a.c. potentiometer miss the confusion whicsh a 
mass of blackboard symbols so often invoke, and in the author’s 
experience a foundation of clearer understanding can be laid 
by a practical measurement of the vector values, than any 
voltmeter and ammeter experiment can possibly give. The 
usual pitfaUs of applying vector algebra to alternating current 
calculations do not arise because the nature of the qualities 
involved are understood when they can be measured in vector 
form and are not just blackboard symbols derived by faith 
from a theorem taken on trust. 

There is some repetition in the text. The apology for this 
is that it is appropriate to different sections into which the 
chapters have been divided and is intended to make the reading 
of each more complete without back reference. 

D. 0. GALL. 


Nov., 1937 . 
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CHAPTEB I. 


PEELIMINARY. 

The fundamental units of electrical measurements, the 
ohm, the volt and the ampere, are determined initially by state 
standardizing bureaux established in different parts of the 
world. The physical conditions under which these deter- 
minations are made are fixed by international convention ; and 
close agreement is maintained between the several units by 
the various countries. To ensure uniformity of magnitude 
of the units employed in science and industry it is necessary 
to correlate the indications of instruments and apparatus 
used for measurement purposes with the magnitudes of the 
units obtained by the absolute determinations of the standardiz- 
ing bureaux. IVom the practical point of view the most 
convenient units to use for this correlation are the unit of, 
resistance, the ohm, and the unit of potential difference, the 
volt, for it is possible to construct resistors and standard cells, 
relatively robust mechanicaUy, which retain their electrical 
properties without variation of value over considerable periods 
of time. The apparatus used to act as intermediary between; 
the practical instruments and the absolute standards consists 
of a potentiometer and a standard cell. 

The potentiometer, as its name implies, is an instrument 
which is used for the measurement of potential differences. 
In addition to providing the means of correlating the practical 
electrical standards with the absolute determinations of the 
electrical units, its range of measurement may be extended 
to make it suitable for the precision measurement of current, 
power, and the other electrical units. The modifications of 
the potentiometer principle which have been developed to 
employ the high precision of which this method is capable, 
together with the practical considerations arising out of the; 

1 B ; 
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CHAPTER I. 


PEELIMINARY. 

The fundamental units of electrical measurements, the 
ohm, the volt and the ampere, are determined initially by state 
standardizing bureaux established in different parts of the 
world. The physical conditions under which these deter- 
minations are made are fixed by international convention ; and 
close agreement is maintained between the several units by 
the various countries. To ensure uniformity of magnitude 
of the units employed in science and industry it is necessary 
to correlate the indications of instruments and apparatus 
used for measurement purposes with the magnitudes of the 
units obtained by the absolute determinations of the standardiz- 
ing bureaux. Prom the practical point of view the most 
convenient units to use for this correlation are the unit of 
resistance, the ohm, and the unit of potential difference, the 
volt, for it is possible to construct resistors and standard cells, 
relatively robust mechanically, which retain their electrical 
properties without variation of value over considerable periods 
of time. The apparatus used to act as intermediary between 
the practical instruments and the absolute standards consists 
of a potentiometer and a standard cell. 

The potentiometer, as its name implies, is an instrument 
which is used for the measurement of potential differences. 
In addition to providing the means of correlating the practical 
electrical standards with the absolute determinations of the 
electrical units, its range of measurement may be extended 
to make it suitable for the precision measurement of current, 
power, and the other electrical units. The modifications of 
the potentiometer principle which have been developed to 
employ the high precision of which this method is capable, 
together with the practical considerations arising out of the 
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many forms of measurements -which can he made of -uni-direc- 
tional and alternating electrical quantities, constitute the 
subject-matter of the ensuing chapters. 

The potentiometer consists essentially of a resistance through 
which a constant current may be made to flow. The resulting 
potential drop in this resistance is first standardized by com- 
parison with the electro-motive force of the standard cell and, 
secondly, is compared against the unkno-wn potential difference 
which has to be determined. In this manner the unknown 
potential is in effect compared with the electro-motive force of 
the standard cell, and is thus determined indirectly against 
the absolute standard of potential difference. As an adjunct 
necessary and common to all potentiometers, the standard cell 
will be considered first. 

The Standard Cell. — ^The standard cell is a simple assembly 
of chemicals which can be prepared under suitable conditions 
to reproduce the e.m.f. at its terminals with great consistency. 
Two principal types of cell have been devised, the first by 
Latimer Clark, ^ the second by Edward Weston.® Of these, 
the latter has almost entirely superseded the former, due to 
the larger temperature coefificient and inferior degree of repro- 
ducibility of e.m.f. of the Clark cell. Attention will therefore 
be eonfibaed to the Weston type which, because of its constituents, 
is known also as the cadmium cell. Standard specifications 
for the manufacture of cadmium cells have been dra-wn up by 
the National Physical Laboratory, the Bureau of Standards, 
Washington, and other standardizing bodies. A full description 
and extensive bibliography -will be found in the “ Dictionary 
of Applied Physics ” (Glazebrook), vol. 2, pp. 260-73. The 
components of a cadmium ceU are illustrated in Fig. 1. 

Originally these cells were made -with a neutral electrolyte, 
and the e.m.f. was then 1-01830 volts at 20° Centigrade. In 
the above reference it will be seen that the permanence of the 
cells is much improved by making the electrolyte acid although 
this has the effect of lowering the e.m.f. These acid cells 
have an e.m.f. of 1-01824 volts at 20° Centigrade, falling by 
40 microvolts per degree Centigrade rise of temperature. 
The positive hmb of the cell contains mercury and mercurous 
sulphate ; the negative limb an amalgam of cadmium and 
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mercury ; the whole is filled with an electrolyte of acid cadmium 
sulphate solution. The permanence of these cells is of a very 
high order and provides a fundamental standard for practical 
electrical measurements when used in conjunction with a 
precision potentiometer and standard resistance. In practice 
difficulty is encountered in obtaining chemicals of sufficient 
purity. Commercially manufactured cells should however not 
vary by more than a few parts in 100,000 from the nominal 


A A 



value. Tlie life of such cells is a little uncertain and their 
value should be checked at least once every two years. 

The function of the standard cell is to provide a source of 
e.m.f. ; it must not be used as a source of current. Since 
the standardization of potentiometers depends upon a null 
balance the current taken from the cell is negligible. Care 
must always be taken so that only the smallest possible current 
is drawn from the cell while balance is being obtained. One 
microampere will probably lower the voltage by a millivolt 
due to the mternal resistance. Should the cell be accidentally 
short circuited it will recover its correct voltage after a rest. 
The mternal resistance of the cells is of the order of 1,000 ohms ; 
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this tending to increase with time. It frequently causes the 
cell to become unusable after a period of years, for when the 
resistance is too high there is a loss of sensitivity in balancing 
the cell on the potentiometer. 

It is useless to try to test a standard cell by means of an 
ordinary voltmeter, for its internal resistance wiU cause a 
large drop in the terminal potential difference below the e.m.f. 
In addition, the current taken will be far too large and conse- 
quently cause damage to the cell. 

When using a standard cell it is important that the whole 
should be at a uniform temperature. The temperature co- 
efficients of the two limbs of the ceU are individually quite 
large but are of opposite sign ; their resultant is almost neg- 
ligible for most purposes. If one limb is at a different tem- 
perature from the other, due possibly to the absorption of 
radiant heat by one side of a ceU case unsuitably placed on the 
test bench, serious disturbance of the e.m.f. of the cell may 
occur. In work of the highest precision it is usual to immerse 
the cell in oil which ensures that the whole is at a uniform 
temperature. For ordinary use it is a good plan to place the 
cells in a box with cotton-wool packing. 

For convenience in handling, standard cells are mounted 
in brass or wooden cases, the former where it is desirable that 
they should he oil immersed. Provision should be made for the 
insertion of a thermometer to measure the temperature of the 
ceU when it is desired to apply the temperature correction. 
Each ease may contain either one or two cells. The advantage 
of a double ceU is that one of them can always be used to check 
the other. If the two are in exact agreement it is fairly certain 
that they are in good condition. 

Standard ceUs from their inherent nature require careful 
handling. Although the chemicals are very firmly crystaUized 
into place, very violent treatment may displace them and 
ruin the ceU by aUowmg opposite sides to mix. 

Other types of standard cells which have been used are given 
in the foUowing table. The Weston unsaturated ceU is in wide 
use in the United States of America. It has the advantage 
of a very smaU temperature coefficient, but is not considered 
so permanent as the saturated acid ceU. 
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Kame of Cell. 

Positive 

Electrode. 

Negative 

Electrode. 

Electrolyte. 

Inter- 
national 
Voltage 
20'’ 0, 

Tempera- 
ture coeffi- 
cient MV 
per ® C. 

Daniell, 1836 

Copper 

Zinc 

Zinc sulphate 

1*08 

+ 34 

Clark, 1872 

Mercury 

Zinc amal- 
gam 

Saturated zinc 
sulphate 

1*4271 

- 1100 

Weston sat- 
urated (neu- 
tral), 1892 

Mercury 

Cadmium 

amalgam 

Cadmium sul- 
phate satur- 
ated 

1*01830 

- 40 

Weston un- 
saturated, , 
1903 

Mercury 

do. 

Cadmium sul- 
i phate satur- 
ated at 4'* C. 

1*0186 

- 10 

Weston Acid, 
1908 

Mercury 

do. 

Cadmium sul- 
phate satur- 
ated 1/10 N 
sulphuric acid 

1*01824 

- 40 


The above values are in international volts. In 194:0 it is 
proposed to adopt absolute values for the units. This means 
that the standard cell will have a value of 1*01860 absolute 
volts at 20° C. The absolute volt is 370 microvolts lower than 
the international volt. 

Similarly the absolute ohm has a different value from the 
international ohm in which all resistances are now adjusted. 
A 1-ohm resistance in the present international units becomes 
1-00048 ohms in absolute units. 

If, therefore, measurements are made with the new absolute 
values considerable care will be necessary in applying the proper 
corrections. 

One absolute ampere through an international ohm will give 
a voltage 480 microvolts high of the absolute volt. Measured 
upon a potentiometer set up in absolute volts this would give 
an error of 0*048 per cent. Measured on a potentiometer set 
up in international volts this would give an error of 0-012 per 
cent, in the absolute value of the current. 

NOTES AND BIBLIOGRAPHY. 

^ Clark cell : due to Latimer Clark, 1872 ; for description see “ On a Voltaic 
Standard of Electromotive Force,” Proc. Boy. JSoc., 1872, xx, 448 ; also 
“On a Standard Voltaic Battery,” Philos. Brans., 1874, clxiv, 1-14. 

^ Weston cadmium cell : due to Dr. Edward Weston, 1893 ; U.S. Patent 
494827. For early description see “ The Weston Standard Cell,” Elect. 
Engr. New York, 1893, xv, 355-6; also Electrician, 1893, xxx, 71 ; also 
Bur. of Stand., iv, 1, 




CHAPTER 11. 


THE D.C. POTENTIOMETER. 

In its simplest form the d.c. potentiometer consists of a 
uniform slide wire as illustrated diagrammatically in Pig. 2. 
The slide wire is connected to a battery through a variable 
resistor, and the voltage drop in the wire due to the current 
flowing is used for the comparison of unknown voltages with 
the known e.m.f. of a standard cell. 

If the total resistance of the circuit is R ohms and the 
battery e.m.f. is E volts, the current flowing will be I = E/R 
amperes, and the voltage drop on any length of the slide 
wire will be Ir = Er/R volts, where r represents the resistance 




Standard Cell 

Fig-. 2. — Simple slide-wire Fig. 3. — Simple slide-wire potentio- 

potentiometer, meter with standard cell. 

of this length of the shde wire. If the wire has a uniform 
cross-section, and hence the same resistance per unit length, 
the voltage drop will be proportional to the length of wire 
between the potential points. Thus a voltage drop can be 
selected between one end of the wire and the slider, which 
latter can be moved from end to end of the wire. If now the 
circuit is completed as shown in Fig. 3 by connecting the standard 
cell through a galvanometer and key to the slider and to one 
end of the slide wire, a point can be found where the voltage 
drop selected will be equal to the e.m.f. of the standard cell. 

6 
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This condition will be indicated when the galvanometer shows 
that no current is passing. The potentiometer is then said to 
be balanced or standardized against the standard cell. 

In practice it is an advantage to make the balance occur at a 
convenient point on the slide wire by varying the current in 
the potentiometer circuit. A variable resistor is included in 
the circuit for this purpose. For example, consider a sHde wire 
of resistance 10 ohms which is provided with a scale 1*5 metres 
long graduated in millimetres, the wire being connected through 
a variable resistor B,s to a 2>volt accumulator. The scale 
would be direct reading in volts if the standard cell were bal- 
anced at 1,018 millimetres. This implies that the volt drop 
on 1,018 millimetres wiU be 1*018 = Er/R volts. Since the 
resistance of the wire is proportional to its length the voltage 
drop on 1,500 millimetres will be 1*500 volts. The necessary 

1*5 2 

value of Rs wiU then be such that ^ ^ whence 

10 10 + B,s 

Rs = 3*33 ohms. The limiting values to which R.? should 
be adjustable are determined by the variations which are likely 
to occur in the battery voltage. These variations might range 
from 2*2 to 1*8 volts if an accumulator is used, so that in order 
to permit the slide-wire potentiometer to be used for direct 
reading with 1 millimetre on the scale equivalent to 1 millivolt, 
the resistance Rs should be variable between the values 

-r. 22 

Ks max. == _ — 10 = 4*67 ohms 

1*5 

18 

and R^ min. = — — 10 = 2*0 ohms. 

1*5 

Thus a fixed resistor of 2 ohms and a 2-8 ohms variable 
section might be used. The rheostat of any potentiometer 
should be capable of providing about 20 per cent, variation 
in the total resistance of the potentiometer to compensate for 
changes in the accumulator voltage. 

When the simple shde-wire potentiometer is standardized 
in this way, any other voltage 'within its range may he measured 
by substituting the unkno'wn voltage for the standard cell and 
balancing by movement of the slider until the galvanometer 
shows no current to be flowing. 
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From the practical point of view the use of a slide wire 
with very low resistance is objectionable, for it requires a large 
current to produce the necessary volt drop, which results in 
unsteadiness, and also discharges the battery quickly. On the 
other hand, a high-resistance wire is much more liable 
to mechanical damage unless the potentiometer is suitably 
constructed, and is usually of inferior uniformity to the 
low-resistance wire. Particular care should be taken that the 
slider cannot be pressed into the wire by the user. 

Theory of Potential Balance. — In the simple potentio- 
meter circuit shown in Fig. 3, the current flowing through the 
galvanometer can be calculated by setting up the circuit equa- 
tions for the currents and voltages in the two meshes formed 
by the potentiometer circuit and the galvanometer circuit. 

Let R = the total resistance of the potentiometer circuit 
consisting of the slide wire, rheostat and battery 
r = the resistance between points Pi and Pg in Fig. 3 

Tq ~ the resistance of the galvanometer circuit between 
the potential points Pi and Pg including the 
internal resistance of the standard cell and any 
other resistance 

El = the e.m.f. of the battery supplying current to the 
potentiometer 

Eg = the voltage which is acting in the external circuit 
(from the standard cell). 

By Kirchoff’s laws the two voltages Ei and Eg will be made 
up by the products of the currents and resistances in their 
respective circuits. 

If I is the current in the potentiometer circuit and I^ the 
current in the galvanometer circuit 

El == IR -f* \gT 
Eg = + ^) + R 

^2 _ 1g{rg + r) + Ir 
El LR+V 



whence 
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This is the galvanometer current in terms of the current 
in the potentiometer. Eliminating I gives 


j _ Eir — E jjR 

At balance !„ = 0 

5f = !l 

■■ Ex R’ 


The sensitivity with which a balance can be obtained will 
depend upon the galvanometer current which flows when the 
circuit is slightly out of balance. 

It is seen &om the above that the circuit will be balanced when 


r R‘ 


E 

The current I in the resistance r will then be equal to because 


R 


no current is entering or leaving through the galvanometer 
circuit. The galvanometer current which flows when a small 
change is made in the balance condition of any potentiometer 
is best calculated by use of the Compensation Theorem. This 
theorem is as follows : 

If a network is modified by making a change Ar in the 
resistance of one of its branches the current increment thereby 
produced at any point in the network is equal to the current 
that would be produced at that point by a compensating e.m.f. 
acting in series with the modified branch, whose value is 
— lAr where I is the original current flowing in the modified 
branch.’’ 

This simply means that a current will flow round the gal- 
vanometer circuit equal to the out-of-balance voltage divided 
by the resistance of the galvanometer circuit plus the resistance 
between the potential points. 


That is la 


AE 


where AE = — lAr. 


r^+T 

The current in the potentiometer circuit will also be dis- 
turbed by a change in value equal to 


If the value of r is increased above the balance position, 
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Ar is positive and current wiU flow from the potentiometer 
into the galvanometer circuit and the current in the potentio- 
meter wire will be reduced, but if the value of r is decreased 
below the balance point Ar is negative and current will flow 
into the potentiometer circuit from the galvanometer circuit. 
That is, the deflexion of the galvanometer will be reversed. 
The current in the shde wire will be increased because AE wiU 
then be positive. 

The sensitivity of the potentiometer to the measurement of 
small voltages is therefore readily estimated from the galvano- 
meter sensitivity. 

If the galvanometer has a sensitivity of 150 millimetres 
per microampere and a resistance of 100 ohms in a potentio- 
meter circuit where r is 50 ohms and the external resistance 
is 1,000 ohms, the current through the galvanometer with 1 
millivolt out of balance would be 


10-3 

100 -1- 60 -1- 1000 


= 0-87 microamperes. 


This would give a galvanometer deflexion of about 130 
millimetres. It would therefore be possible to obtain a balance 
with a precision of rather better than 10 microvolts, giving a 
sensitivity of 1 millimetre galvanometer deflexion. 

It win be obvious from the equation for the galvanometer 
current that the condition of the circuit to give maximuni 
sensitivity can be calculated, but for general purposes there 
wiU be wide variations in the resistance of the external circuit 
so that the optimum conditions would only apply to special 
cases where the circuit resistance can be approximately known. 
The theoretical solution is not the best practical one. This is 
dealt with in Chapter V. 

The Limitations of the Simple Slide Wire. — ^The 
standard ceU has a value reproducible more accurately than 
1 part in 10,000, but the simple sUde wire which has formed 
the basis of the foregoing potentiometer could not be read to 
less than say 0-5 millimetre or 1 in 2,000 at the 1-volt setting. 
The non-uniformity of the resistance of the wire would also be 
such that the resistance per centimetre would probably vary 
by one or two per cent, so that the true voltage gradient along 
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the wire would not agree with the millimetre scale. Further, 
due to unavoidable practical uncertainties in the exact ter- 
minating point, the lowest readable voltage would certainly 
not be less than 1 millivolt, and that would only be observable 
with a large possible error, so that small voltages could not 
be read with any degree of precision. 

Increasing the Degree of Subdivision, — It becomes 
necessary, therefore, to extend the degree of subdivision of 
the potentiometer if any but the crudest measurements are 
required. The simplest means of extending the subdivisions 
of potential gradient is to add a set of fixed resistors in series 




■M/VVV\AA/> 

Dial Of 
Fixed resistances 


Slide wire 



Potential 

Points 


Fig. L — Simple potentiometer with two dials. 


with the slide wire as shown in Fig. 4. This type of potentio- 
meter was first introduced by Crompton in 1895. 

If these resistances are all equal in value to that of the slide 
wire the degree of subdivision is at once increased in direct 
proportion to the number of studs, 10 times for 10 studs or 
100 times for 100 studs. Further, the precision of subdivision 
can be greatly improved because each resistance step can be 
accurately adjusted to equality, and lack of uniformity in the 
slide wire is of less importance. 

The “Resistance’^ Gradient. — ^It should be noted that 
the actual values of the resistances in the potentiometer are 
of no importance so long as they are equal. This facilitates 
construction because it is quite easy to adjust a number of 
resistors to equality with an extremely high degree of precision. 
The slide wire need not have the same resistance, and it is a 
definite advantage for the volt drop upon the slide wire to 
overlap that of the studs, so that if these are arranged to be say 
0*1 volt each, the slide wire might conveniently be 0*12 volt. 
The volt drop on the slide wire can be reduced to any convenient 



12 


POTENTIOMETER MEASUREMENTS 


value by means of a shunt such as is illustrated in Fig. 5 , since 
this only lowers the total resistance and therefore the volt 
drop between the ends, but not the relative potential gradient 
along the shunted wire. This is the method usually employed 
to give the slide wire a convenient volt drop. 


Total 

Resistance 





30 


^SHUNTCo/L Tg Total Resistance 


-A/WV\Ar 


Stud Dial 18 coils 



Slide Wire Shunt 
p-VWAAA/ — \ I 
\sudewirey \/ 


IB 


r 

7 0 


"Potential points'^ Method of OBTAiwm 

ZERO ON BOTH DIALS 


Fig. 5. — ^Two-dial two-range potentiometer. 


Additional Ranges. — ^The whole potentiometer can also 
be shunted to alter the voltage range, and it is usual to add a 
ballast resistance to keep the overall resistance unchanged, 
when this is done. Fig. 6 shows a simple scheme which allows 
the potentiometer to be standardized against the standard 
cell on the unshunted range and to maintain the circuit resistance 
unchanged when shunted. 

By making the shunting resistance 1/9 and the series resis- 
tance 9/10 of the resistance of the potentiometer circuit the 
current will be reduced to 1/10 when the shunt is added. This 
gives the potentiometer 1/10 of its unshunted range. ^ In 
order to give a true zero the 0 stud can be connected as shown 
in Fig. 5 to the beginning of the shde wire. The first coil is 
then joined to the slide wire and not to the 0 stud ; in this 
way the volt drop in the lead between the slide wire and the 
dial is eliminated. A still better arrangement is that used in the 
General Utility ” potentiometer in which the slide wire gives 
not only a zero but also a small negative reading, by means 
of the tapped shunt on the slide wire. 

It should be noted that this small negative reading is obtained 
by what is, in effect, a cross-over of the two potential points. 
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The scheme is shown in Fig. 6. This potentiometer has also 
three ranges obtained by shunting the potentiometer in the 
manner shown. The feature of the shunting method is that the 
necessary changes are brought about by one plug only, A 
further feature is the use of a parallel circuit for the standard 
cell, so that the volt drop of the potentiometer is standardized 
without having to set the dials to any particular value, and it 
can be standardized in this way when used upon any of the 
three ranges. 

The total resistance of the standard cell circuit is really 
arbitrary and only the ratio of its two parts is important. 



Eig. 6. — General utility potentiometer. 


This must equal the ratio of the standard cell voltage to the 
total nominal voltage across the potentiometer dials, which 
latter in this case is slightly more than 1-9 volts, due to the 
slide wire reading more than 0*1 volt. 

The single-dial and slide-wire potential gradient, with 
reducing ratios, provides a potentiometer capable of a potential 
subdivision of 1 in 10,000 at 1, 0*1 and 0*01 volt. It is usual 
to have 18 studs on the dial so that a maximum volt drop of 
1*9 volts can be obtained, the rheostat making up the difference 
between that and the 2-volt accumulator voltage. It is not 
advisable to work the accumulator much below 2 volts for 
precise work because the current becomes unsteady as the 
voltage falls. When possible the accumulator, which should' 
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be of ample capacity, should be left connected to the potentio- 
meter for some hours to let the current become steady before 
using the potentiometer, particularly when work of high precision 
is contemplated. It is the need for great steadiness which 
makes the use of too low a resistance circuit undesirable. About 
40 ohms is the lowest practical value. 

It is always advisable to have some means of reducing the 
sensitivity of the galvanometer, so that in measuring an un- 
known voltage the deflexion of the galvanometer can be kept 
under control. 

A switch-controlled series resistance is best for this purpose 
as it protects the circuit from excessive current better than a 
galvanometer shunt. A four-position resistance box of 0, 1,000, 
10,000, and 100,000 ohms is most suitable. When starting to 
measure an unknovm voltage the full 100,000 ohms should be 
switched into the galvanometer circuit. The sensitivity of the 
galvanometer will then be so low that the approximate balance 
can be easily found. If the polarity of the test voltage is 
reversed the minimum deflexion of the galvanometer will 
occur when the potentiometer reads zero. This indicates that 
the leads to the unknown require transposing. The series 
resistance must be free jErom thermo-electric effects particularly 
in the zero position. 


NOTE. 

^ Change of range : This method due to Dr. Budolf Franke, 1897 ; see “ Ein 
Kompensator fiir Spannungs und Strommessungen,’* EUJctrotech, Z., 1897, 
xviii, 318-20. 
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THE D.C. POTENTIOMETER {continued). 

Potentiometers of Higher Precision.— The order of 
accuracy obtainable with a potentiometer is dependent upon 
the degree of subdivision of its constituent resistance units. 
The greater this subdivision, the more definitely can the potential 
difference between the travelling points be adjusted, and con- 
sequently the more accurately can a potential difference be 
measured. In the simple potentiometers so far described there 
are two variable potential points and in consequence no more 
than two dials (one of which 
may be a slide wire) can be 
used. The degree of subdivision 
is therefore limited to the num- 
ber of steps that it is practicable 
to construct. To obtain poten- 
tiometers capable of measure- 
ments of higher precision it is 
necessary to make certain modi- 
fications of circuit and con- 
struction which overcome this 
limitation. 

One of the best methods of obtaining further subdivision of 
the potential gradient is by means of the Varley vernier prin- 
ciple ^ originally devised for fault localizing on submarine cables. 

The scheme, which is shown in Fig. 7, is to shunt two studs 
of the main dial by a vernier dial, the resistance of which is 
made the same as that between the two studs which it shunts. 
This reduces the resistance between the two shunted studs to 
the same as that of one, and therefore to the same volt drop. 
This volt drop is subdivided into any number of steps accord- 
ing to the number of coils in the shunting or vernier dial. 

15 


'Rheostat 
1 MAINDIAL 0 fiNEDlAL 


^1 PO^HTmi 
J Points 


Fia. 7. — The vernier dial. 
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The vernier principle can be continned indefinitely and is 
only limited by the effect of the resistance of the contacts of 
the vernier dial. These enter into the division of the current 
in the two paths and in precise instruments play an important 
part in the accuracy. As the number of dials increases, the 
resistance of each vernier dial decreases rapidly until its steps 
become comparable with the contact resistance and therefore 
lose significance. Fig. 8 shows the circuit of a five-dial instru- 
ment of this type with a 
potential subdivision of 1 in 
100,000. Such a potentio- 
meter is often used for fault 
location on long or low re- 
sistance cables. 

Fig. 9 shows the schematic 
arrangement of a potentio- 
meter using a vernier dial 
and two additional dials. 
This gives a degree of sub- 
division of 1 in 180,000 with 
a very high degree of pre- 
cision . In addition the special 
parallel arrangement ^ pro- 
vides both a true zero and 
negative potential values on 
the lowest dial. 

The Theory of the 
Vernier Dial. — In order to 
achieve a precision of this 
order, it is necessary to study 
the circuit more closely. The vernier dial consists of a set of 
coils formed into a dial. The ends of the resistance formed by 
the coils are shunted across two coils in the main dial by means 
of switch contacts which travel along the coils of the main dial. 
In this way any adjacent pair of the main dial coils are shunted 
down to a value of resistance equal to one coil. The volt drop 
across the vernier dial is therefore equal to that of one stud on the 
main dial, so that the travelling potential point on the vernier 
dial can change its potential by the volt drop across one stud 
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Fig. 8.™*Fiv6-dial Varley potential 
divider. 
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of the main dial when moving from one end to the other of the 
vernier dial, which can he subdivided into ten or one hundred 
or any number of equal steps. 

It will be evident, however, from Fig. 7 that the potential 
of the traveUing point when at the zero position B will not be 
the same potential as at the zero point on the main dial, but 
wiU be at some higher potential due to the unavoidable resisr 
tance of the contact and lead connecting the vernier dial with 
the main dial. The volt drop between A and B cannot there- 
fore be equal to that between 0 and D. It is essential, how- 
ever, that the volt drop between A and B should be exactly 
equal to the volt drop upon one stud of the main dial so that 



Fig. 9. — ^Three-dial vernier potentiometer with negative zero. 

in moving the vernier dial along the main dial the increments 
of potential shall agree with that given when the traveUing 
potential point moves from B to A on the vernier dial. 

If R = the resistance of each coil of the main dial 

r = the resistance of each contact and lead to the ver- 
nier dial 

Ri = the resistance of the vernier dial between the two 
extreme potential points A and B 
I = the current in the potentiometer circuit then the 

2R 

current in the vernier dial wfll be — . - ^ I. The poten- 

Rj + 2r + 2R ^ 

2RR 

tial difference between A and B wiU be ^ \ The 

+ 2r "j- 
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volt drop on each unshunted coil of the main dial -will be IR 
and since the potential difference between A and B must equal 

that on the unshunted coils, = 5 — — — == IR 

Ri + 2f + 2 R 

whence ‘ Ri == 2 R + 2 r, 

Thus in order to make the volt drop between A and B of 
correct value, the total resistance of the vernier dial must be 
increased above its nominal resistance of twice the main coil 
resistance, by twice the switch and lead resistance, thus making 
up the total resistance of the shunting circuit to the value 

2 R 

2 R + 4r. The current in the vernier dial is then -I 

4(R + r) 

and the volt drop between the points A and B is 
2 R . 2 (R + r) j. ^ 

4(R + r) 

as is required. 

The volt drop between the points C and D will not be the 
same as that upon an unshunted coil, but will be higher. This 
is however of no importance as it will be of constant value and 
is not in the potential measuring circuit. As the vernier dial 
is moved, the increment will be that of the volt drop upon an 
unshunted coil. As long as R, r and Ri in the above ratio are 
constant at all positions their absolute resistance values are 
quite immaterial. 

If the contact resistances vary there will be a variation in 
the potential of the travelling point. This will affect the 
accuracy to a more or less serious degree according to the 
position of the contact which varies in resistance. Normally 
the potential difference between B and D (or A and 0) is 
2RrI/4(R + r). If a change dr in r takes place at D the 
potential difference between B and D becomes 

2 R(r + 5r)I/{4(R + r) + 5r} 


and if 6r be neglected in the denominator of this expression, 
the change of potential at B is 2R(5/’I/4(R + r) and further, 
as r is usually small compared with R, this is approximately 
dr/2. Since B is the zero position on the vernier dial, this 
means that there is a shift of the point of zero potential. If 
the change takes place at 0 , the potential difference between 
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B and D becomes 2RrI/4(R + r) + <5r, wMcK is very nearly 
equal to the normal value for this potential difference, and 
hence there is no appreciable zero shift. In either case there 
is a change in the voltage drop between the ends A and B of 
the vernier dial, which is given by 

1 

1 + (3r/4(R + r) 

It will be seen from the foregoing that the effect of changes 
in the contact resistance between D and B is much more serious 
than between 0 and A. The former causes a zero shift whilst 
the latter causes only a very small change in the voltage drop 
between A and B. 

In illustration of the above, the foUowing typical figures 
are given: 

If R = 10 ohms r = 0*01 ohm and the change in r, dr, is 
0-001 ohm occurring at D, the zero shift will be 0-0005 I and 
the change in potential between A and B is (10 — 10/1*000025) I 
which is approximately 0*000025 I. 

The volt drop in the coil R would not exceed 0*1 volt in 
a high-range potentiometer giving a current of 0*01 amp. and 
a zero shift of 5 microvolts. For a low-range potentiometer 
the corresponding voltage drop would be 0*01 volt, giving a 
zero shift of 0*5 microvolt. It should be noted that this figure 
of error is the maximum which occurs at the travelling potential 
point, and would occur at B. If the change in contact resistance 
were at C instead of D, the variation of the voltage drop 
from one end of the vernier dial to the other will be 25 parts 
in one million. 

A further example of the vernier type of potentiometer is 
given in Fig. 10. This potentiometer has been specially de- 
signed to meet the particular requirements which have been 
called for by the Electricity Supply (Meters) Act, 1936, and 
subsequent regulations. It has a main dial giving a volt drop 
of 1*5 volts in 15 steps of 0*1 volt. The second dial subdivides 
each step of the main dial into 100 parts, and the third dial 
each of these into 10 parts so that the 1-volt setting is subdivided 
into 10,000 parts. 

A special feature of the circuit is the arrangement of the 
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second or vernier dial. This is not equal in resistance to two 
studs of the main dial as in the usual Varley vernier arrange- 
ment, but has a considerably higher resistance. The object of 
this is to eliminate the effect of contact resistance in the circuit 
and to secure a very low zero residual voltage. 

A separate circuit is provided for the standard cell balance 
so that the potentiometer dials do not have to be set when 
balancing the standard cell. This standard cell circuit pro- 
vides for a temperature range from 10° to 30° 0. 

Four pairs of test termmals are available so that four separ- 
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Fia, 10. — ^Diagram of connexions for E.S.M. precision potentiometer. 


ate circuits can be connected to the potentiometer and selected 
as required for measurement. This avoids changing shunts 
when a wide range of current has to be measured. The instru- 
ment is illustrated in Fig. 11. It has two ranges 1*5 volts sub- 
divided to 100 microvolts on the top range and 0*15 volt sub- 
divided to 10 microvolts on the lower range. 

The Substitution Circuit. — ^Another method of subdivid- 
ing is by use of a constant resistance circuit made up of two 
resistance boxes in series mechanically coupled so that as one 
increases the other decreases and keeps the total resistance 
constant. This is the principle used in what is commonly called 



11 . — E,S,M. precision potentiometer. 
(H. Tinsley & Co.)' 



Fia, 16. — Constant resistance potentiometer. 
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the Feussner type of potentiometer, but the substitution prin- 
ciple is really due to Rayleigh and the mechanically coupled 
dials to Edward Weston.^ Fig. 12 shows the scheme. 

The resistance in the battery circuit remains constant at all 
positions of the switches, because the resistances R/Ra'Rg' 
in the lower portion decrease as those in the resistances R1R2 
and R3 respectively increase, owing to the switch arms being 
mechanically coupled. The voltage at the potential points is 
proportionate to the resistance between them, since the current 
flowing round the circuit remains constant. The two dials E* 
and Rs are potential dials, the potential points travelling from 
one end to the other without any alteration to the resistance 
in the battery circuit. 

The dial resistances are usually in decade values, so that 


Rheostat 



Fig. 12. — Substitution circuit. 

each dial subdivides each step of the one above into 10 equal 
parts. The voltage between the potential points will be zero 
when the resistances Ri -f R2 + R3 + H4 + Rs are zero, and 
wiU increase as these values are increased. In practice true 
zero cannot be reached because of the residual resistance, but 
this can be included in the reading of the lowest dial. The 
current is standardized by setting the dials to the standard cell 
value and adjusting the rheostat until the standard cell is 
balanced, in the usual way. It will be obvious that this method 
of subdivision can be extended indefinitely by increasing the 
number of substitution dials. 

The chief objection to this type of circuit is the number of 
current-carrying contacts in the circuit which are therefore 
liable to affect the potentials. To reduce the effect of the 
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contacts, a relatively Mgh-resistance circuit must be used, and 
this reduces the sensitivity of the galvanometer when balancing. 

In these highly divided potentiometers special precautions 
are necessary to enable use to be made of the subdivisions. 
One of the chief difficulties is the thermo-electric potentials 
which may be set up at the contacts of the potentiometer and 
which may be larger than the lowest count of the instrument. 

When the switches are operated, a certain amount of heat 
is produced. If the contacts are of dissimilar metals this will 
cause a thermo-electric e.m.f. to be set up which may give a 
false value to the voltage acting in the galvanometer circuit. 
This effect is avoided by using exactly similar metal for both 
the sliding contact brush and the surface upon which the brush 
slides. Gold-silver alloy is one of the best materials, but care 
must be taken to use the same sample for both contact faces. 
Different samples exhibit thermo-electric differences. By suit- 
able design in this way the thermal e.m.f.s can be reduced to 
about 0-2 microvolt even with the most vigorous operation 
of the switches. 

The resistance coils of the potentiometer must be accur- 
ately adjusted and maintain their resistance values with great 
precision, and further they must have a small temperature 
coefficient so that non-uniform temperature throughout the 
instrument will not affect its precision. In addition it is of 
the greatest importance that there should be no thermo-electric 
effects between the resistance coils and the switches and leads, 
which win almost inevitably be of copper or brass. 

There is only one material available wliich fulfils these re- 
quirements : this is the copper-manganese alloy known as 
manganin.^“® The composition of manganin is given as 84 
per cent, of copper, 12 per cent, of manganese and 4 per cent, 
of rdckel, but these proportions have been the subject of much 
research. Its temperature coefficient at about 20° C. in selected 
Samples is less than 0*002 per cent, per degree C. and is usually 
positive. Its thermo-electric effect against copper is about 
1 microvolt per degree C. Its resistivity is about 40 microhms 
per centimetre ® and its permanence of resistance when suitably 
annealed is of a high order. In the author’s experience the 
only reliable commercial source of supply is Germany. A good 
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material under the name of Therlo can be obtained from the 
United States of America^ but it is much harder. The English 
made material is no longer marketed, and its performance was 
inferior when it was available. The properties of manganin 
are much affected by mechanical stresses and by heat such as 
occurs in hard soldering copper ends to small potentiometer 
coils. The coh must be thoroughly cleaned and annealed after 
winding and soldering, if the resistance is to remain permanent. 
Only a very thin layer of varnish should be used. 

In connexion with temperature measurements by thermo 
couples, it is sometimes necessary to measure voltages down to 
hundredths of a microvolt. This calls for very special pre- 
cautions in potentiometer design. One of the best examples 



Fig. 13. — ^Diesselliorst type of potentiometer, simplified circuit. 


for this class of measurement is the Diesselhorst type of poten- 
tiometer as shown in Fig. 13. In this instrument the effects 
of thermo-electric potentials set up in the instrument by the 
movement of the switches during the process of balancing are 
eliminated from the galvanometer circuit by the very ingenious 
arrangement of the ciccuit. The full theory is given elsewhere.® 
There are no switch contacts directly in the galvanometer cir- 
cuit, which resembles a bridge with the battery across one 
diagonal, and the other diagonal forming the potential points. 
The potential between these points is varied by altering the 
four arms of the bridge in such a way that the resistance between 
the battery points is always the same, and the switching occurs 
only in the closed bridge circuit. This means roughly that 
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any thermo-electric e.m.f.s set up on the switches are merely 
added to the battery voltage, and therefore can produce only 
a few parts in a million change in the value of potential, which 
is quite negligible, as the total voltage being measured in these 
circumstances is never more than a hundred microvolts. 

The fine adjustment fourth and fifth dials are graded shunts 
of a fairly liigh resistance upon 1-ohm coils in the bridge arms. 
Thermo-electric potentials set up in these switches act there- 
fore in a closed circuit of fairly high resistance and can produce 
only a very small effect upon the potential drop upon the 
1-ohm coil. The result is that the worst effect which can appear 
at the potential terminals is only about 1 per cent, of the actual 
thermo-electric potential set up in any switch. The principles 
used in this instrument are worth remembering where problems 
of making small potential changes are met. 

The Constant Resistance or Deflexional Potentiometer. 
— ^The deflexional potentiometer is so called because the de- 
flexion on the galvanometer is used to supplement the readings 
of the dials. With this type of potentiometer an exact balance 
is not obtained. The unknown voltage is nearly balanced, and 



Fio. 14. — Constant resistance potentiometer. 

the residue of unbalance read off upon the galvanometer which 
is arranged to be directly calibrated in volts or microvolts in 
terms of the last dial. 

The essential requirement of the deflexional potentiometer 
is that the resistance of the galvanometer circuit should be 
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unchanged with any setting of the dials. In these circum- 
stances the galvanometer current will be directly proportional 
to the out-of-balance voltage. Several schemes have been 
devised for such instruments.'^'® 

The circuit of such an instrument without the galvanometer 
is shown in Fig. 14 and the instrument illustrated in Fig. 15. 

Fig. 16 shows the schematic arrangement for a 3-dial instru- 
ment specially designed for thermo-couple work. The maxi- 
mum range is 60 miUivolts and each step of the last dial is 
50 microvolts. This degree of unbalance is arranged to give 
a deflexion of 50 millimetres to the galvanometer, so that each 
millimetre represents 1 microvolt. 
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Fig. 16. — ^Diagram of connexions for constant resistance deflexion 
potentiometer. 


All the contacts and terminals are of copper to reduce 
thermo-electric effects. 

The constancy of the resistance between the potential points 
of the potentiometer is achieved by the compensating coils 
which are introduced at each step as the switches are moved. 
The alteration in resistance due to the third dial is only 0*250 
and is negligible. The advantage of this type of potentiometer 
is the speed with which a reading can be taken ; it is par- 
ticularly applicable to the measurement of slowly changing 
voltages such as occur in thermo-couples taking cooling curves, 
where it is desirable to follow the time-contour of the curve. 

Photo-electric Potentiometer. — new type of potentio- 
meter which may be grouped under this heading has recently 
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been introduced by the Weston Electrical Instrument Co. In 
this instrument a slightly different application of the potentio- 
meter principle is employed. The potentiometers so far de- 
scribed are essentially constant current instruments in which 
a variation of voltage is obtained by the selection of different 
values of resistance. In this new instrument the resistance of 
the potentiometer remains constant and the unknown voltage 
is balanced by alteration of the current through this resistance 
until the potential drop in it is equal and in opposition to the 
unknown voltage. 
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Fro. 17. — Photo-electric potentiometer. 

Since the variation in current is a measure of the unknown 
voltage, an ordinary indicating instrument can be used to give 
directly the value of the unknown. Further, the circuit arrange- 
ment is such that the current variation required for balancing 
is made automatically, with the result that the instrument 
gives rapid indications. 

The circuit is shown in Fig. 17 (a). The valve V, resistance 
E4 and the two voltage regulator tubes Vi and V2 may be con- 
sidered as a four-arm bridge network. The resistance Bg in 
series with the photo-electric cells when illuminated may be 
considered as a potential divider by means of which' a variable 
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bias may be appKed to the valve. If an indicating instrument 
(a miUiammeter) is connected across the galvanometer arm 
of the '' bridge/’ the potentials and currents in the circuit vdll 
adjust themselves so that no cuirrent flows in the miUiammeter. 
This may be seen by consideration of the components of the 
bridge. If the point B assumes a higher potential than the 
point A, current wiU flow from B to A. This necessitates a 
higher potential across Vi than across Vg and a greater current 
in Vi than in V2. By the characteristics of these tubes the 
resistance of Vi increases, thereby tending to reduce the cur- 
rent in Vi at the same time as the current in Vg similarly tends 
to increase, thus lowering the potential at the point B. With 
B at a higher potential than A, the current in R4 is greater than 
that in V. The potential drop in R4J therefore, increases caus- 
ing in effect a lowering of the cathode potential of V. This 
reduces the bias, increases the current in V, and thus raises 
the potential of the point A. The action is cumulative and 
virtuaUy instantaneous, so that A and B assume the same 
potentiaL It will only take place, however, provided that 
the grid of the valve V is held at such a potential that the 
valve is working on the straight part of its characteristic. 
The potential divider circuit is designed so that with equal 
illumination of the two photo-electric ceUs this condition is 
fulfilled. 

If now the luiknown voltage is injected between the points 
A and B, considerations such as the above wdU show that the 
current in the valve will either reduce to zero or assume a very 
large value according to the polarity of the injected voltage. 
To control the valve current the circuit shown in Pig. 17 (6) 
is connected to the points a and 6. The unknown voltage is 
applied to the terminals marked Input.’" 

On application of the xmknown voltage a current due to 
the unknown passes through the coil c of the galvanometer and 
the standard resistance Ei. The galvanometer coil is deflected 
and the mirror mounted on its axis causes the beam of light 
reflected from it to produce a differential illumination of the 
photo-electric cells. The beam passes through a system of 
prisms arranged so that deflexion of the beam causes an increase 
of illumination on one cell and a decrease on the other. The 
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conductivity of the cells thus alters and consequently also the 
bias of the valve. 

Due to the introduction of the extraneous voltage the 
“ bridge ” circuit is unbalanced and consequently current flows 
through Ri and the miUiammeter. Suitable arrangement of 
the polarity of the injected voltage will ensure that this latter 
current is in opposition to the former. If the two are not 
equal, current will be taken from the unknown source and 
thus operate the galvanometer coil which in turn modifies the 
grid bias valve current and the current through Ri. This 
modification will continue until the coil which has no control 
torque remains at rest, and it can obviously do this only when 
the voltage drop due to the current through Ri from the bridge 
circuit exactly cmmterbalances the applied voltage. The cur- 
rent then flowing is then directly proportional to the unknown 
voltage, and the miUiammeter suitably calibrated indicates the 
unknown directly. 

The actions described in some detail here take place almost 
instantaneously, and thus the instrument provides a rapid 
indicator potentiometer of virtuaUy infinite impedance. 

The range of voltage which can be measured is determined 
by the value of the standard resistance Ri employed, for if the 
indicating instrument gives full-scale deflexion with 10 mA., a 
resistance of 10 ohms permits a voltage measurement up to 
0*1 volt to be made, whilst with Ri = 10,000 ohms voltages 
up to 100 volts can be made. 

For the measurement of current the circuit of Fig. 17 (c) is 
employed. The condition of balance is, as before, that no 
current flows through the galvanometer. For this to occur 
the potential difference across PQ must be zero. With the 
symbols as shown in the diagram, where i is the unknown 
current, 

^(Rj ~1“ R3) = IR3 

whence i = IRj/(R2 -f- R3). 

Suitable choice of Rjj -j- R3 permits measurement of current 
over a wide range. 

It is claimed that under the best possible conditions indi- 
cations may be obtained of voltage of the order of 10~® volt 
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and current of the order of 2 x 10“^ ampere. This minimum 
of response represents the maximum of error within the instru- 
ment regardless of full-scale range, so that for the higher ranges 
the precision of measurement is limited by the precision of the 
indicating instrument. 

Precautions in Precise Measurement. — In precise d,c, 
measurements, the chief difficulties arise from thermo-electric 
effects in the ease of low voltages, and leakage in the case of 
high-voltage measurements. 

Thermo-electric effects should be reduced as far as possible 
by suitably constructed apparatus. For example, resistance 
standards used for current measurements should be &ee from 
dissimilar metals at the terminals and manganin should be 
used for the resistance unit. . Mckel-plated terminals are a 
fruitful source of thermal effects and for this reason pure copper 
should be used in apparatus for low-voltage work. The gal- 
vanometer may also exhibit thermo-electric effects at the 
various junctions between the suspension strips, coil and ter- 
minals, and may have to be protected from temperature changes 
to obtain steady results. A double reversing key can be used 
to reverse the galvanometer and the battery simultaneously. 
This device is almost essential for measurements of very low 
voltages. Two readings are then taken and if the thermo- 
effects are unchanged the mean of the two observations will 
give the correct value, but it is essential that the reversing key 
is itself quite free from effects. Mercury contacts are often 
employed for this purpose, but pure copper contacts will give 
very good results if properly designed. 

Chemical Action in the Leads. — Occasionally trouble is 
experienced due to chemical action in the wiring introducing 
extraneous potentials into the circuit. This has been observed 
when rubber-covered galvanometer and potential leads have 
been employed. In situations liable to chemical contamiua- 
tion, it is best to support the external wirmg clear of all con- 
tacts between terminal and terminal, then electrolytic action 
cannot affect the circuits. 

High-voltage Measurements. — ^In high-voltage measure- 
ments the aim should be to keep the potentiometer and the 
circuit upon which the volt drop is being measured at earth 
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potential if possible. TMs can be arranged by connecting the 
volt ratio box (used to obtain a convenient fraction of the high 
voltage as described later) with the subdivided portion on the 
earth side. Where this cannot be done it may be necessary 
to employ special guard circuits to prevent leakage currents 
getting into the galvanometer. 

Eig. 18 shows the potentiometer arranged with a guard 
circuit to by-pass leakage currents. 

At other times the potentiometer must be provided with a 
complete screen raised to the same potential as the point of 
measurement by means of an auxiliary potential divider and 
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Fig. 18. — ^Potentiometer with guard circuit. 


special protection provided for the operator, in the form of an 
outer metal case insulated from the screen and earthed with 
extended handles to the switches with earthing sleeves to pre- 
vent leakage up the handles. 

In the measurement of very high-resistance circuits such 
as photo-electric cells and glass electrodes in hydrogen ioniza- 
tion work, similar precautions are necessary to prevent leakage 
currents getting into the galvanometer circuit. The general 
principle is to keep the measuring circuit as near to earth 
potential as possible and provide guard circuits to by-pass the 
leakage currents back to the battery without going through 
the galvanometer. 
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Eig. 19 shows such a circuit, where it will be seen that any 
leakage will be by-passed from the measuring circuit. 

Very low-voltage measurements require very sensitive low- 
resistance galvanometers, and potentiometers with low-resistance 
circuits are essential so that the small potential differences can 
send as much current round the galvanometer circuit as possible. 

The presence of spurious effects can usually be detected by 
disconneetmg the current supply to the circuit under test on 
one side only. 

The potentiometer balance should then be zero, since no 
current should be flowing in the circuit under test. If the 
balance is not zero the source of the extraneous e.m.f. must 
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Fig. 19. — ^Prevention, of leakage in high-resistance circuit. 


be located. If disconnecting the supply on both sides removes 
the effect, it is probably due to leakage. If a false zero stai 
remains it is due to thermo-electric or other stray effects within 
the circuit itself. 

The potentiometer is most readily checked for false readings 
by short-circuiting its potential terminals and observing the 
zero balance. 

The galvanomete:]^ leads should be reversed in order to test 
for thermo-electric effects in this part of the circuit. If a gal- 
vanometer shunt is employed, the connexions to this should be 
reversed also to detect any alteration in the galvanometer zero 
which often occurs due to effects in the shunt. 
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If the galvanometer spot wanders when the potentiometer 
terminals are open-circuited, it indicates some form of leakage 
or polarization in the circuit. Condensation on an ebonite 
panel of a potentiometer which has been exposed to sunlight 
often produces this effect. Sulphuric acid is formed on the 
ebonite surface by exposure to sunlight and strong electrolytic 
action will be set up in the circuit, which will make the gal- 
vanometer very unsteady. To remove this effect the ebonite 
should be washed with distilled water and carefully dried. 
Turpentine on a cotton-wool pad can then be used to clean the 
surface without spoiling the lacquer of the metal parts. The 
eiSfect may occur in any ebonite insulation and is not infrequent 
at the terminals of the galvanometer itself. A simple test of 
an ebonite surface for the formation of sulphuric acid is to 
touch it with the tongue. The acid taste is strongly discernible 
on a deteriorated surface. It is important, therefore, to exclude, 
so far as practicable, aU sunlight from ebonite surfaces, in order 
to preserve their insulation inert. Systematic open-crrcuiting, 
short-circuiting and reversals are the simple means of checking 
and locating false effects. 

Unless both potentiometer and the circuit under test are 
very steady, great precision of measurement cannot be obtained. 
There is usually no difiSlculty in obtaining great steadiness in 
the potentiometer if an accumulator of ample capacity is used 
and left eoimected to the potentiometer for several hours before 
commencing work. In the case of the circuit under test, the 
same conditions are requisite, and if the current required is 
large, a very large accumulator may be necessary to maintain 
a steady current. By systematic observation, however, with 
readings taken at uniform intervals, it is possible to obtain high 
accuracy although the current in the test circuit may be steadily 
falling. This is largely a matter of practice and in measuring 
currents of many hundreds of amperes it is almost inevitable. 
Tests under such conditions are much facilitated if the gal- 
vanometer has a short period and good damping so that it 
responds to changes of adjustment as quickly as they are 
made. 

Independent Standard Cell Balancing Circuits. — In the 
simple potentiometer circuit the dials are set to the value of 
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the standard cell and the current through the potentiometer 
adjusted until the latter correctly balances the standard cell. 
Although this is the most accurate method o£ standardizing 
any potentiometer since it is a direct check of the instrument 
setting, it is often more convenient to be able to standardize 
the potentiometer against the standard cell -without altering 
the dials. Eor example, when a voltage has been balanced it 
is convenient to be able to check quickly the standardization 
of the potentiometer without altering the dial setting of the 
balance. To enable this to be done, an appropriate portion of 
the potentiometer resistance must be tapped, and a selector 
switch so arranged that the galvanometer and standard cell 
can be coimected across this portion of the voltage gradient of 
the potentiometer. 

In some cases ten studs of the mam dial and a small addi- 
tional resistance are used to give the required volt drop, but 
when a vernier dial is used this method may be unsatisfactory 
because the vernier dial may be shunting part of the circuit 
upon which the volt drop is being used to balance the standard 
cell ; such an arrangement is therefore dependent upon the 
dial setting, which is just what it is desired to avoid. A further 
objection arises when a reducing ratio is provided for lowering 
the total range of the potentiometer dials, and in this case it 
is preferable to standardize the total current through the 
potentiometer by an entirely separate circuit for the standard 
cell. Such an arrangement is shown in Pigs. 6 , 10 and 14 and 
consists of a separate paraEel circuit across the whole potentio- 
meter with an appropriate portion taken to the standard cell 
and galvanometer. The necessary selector switch is omitted 
for simpMcation. 

In a precise potentiometer it is necessary to vary the tap- 
ping point to which the standard cell is joined to aUow for the 
temperature coefficient of the standard ceU. This is arranged 
by inserting a switch dial so that the tapping point can be 
varied to suit the value of the standard cell. This should cover 
a range of temperature from 10 to 30 degrees C. corresponding 
to a voltage range of 1*01854 to 1-01777. 

It is convenient to have a selector switch by means of which 
a number of measuring circuits can be connected to the 
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potentiometer, so that more than one external voltage can be 
measured in quick succession. 

It is also essential that the rheostats should be adequate 
in range and extremely fine in adjustment as it is necessary to 
control the current in a high precision potentiometer circuit to 
a few parts in a million. 

Determining the Internal Resistance of the Standard 
Cell. — The internal resistance of the standard cell directly 
affects the precision with which it can be balanced. A good 
cell should not exceed 2,000 ohms internal resistance and pre- 
ferably be less. Its value can be readily estimated from the 
sensitivity of the galvanometer or can be measured by the 
halving principle ; having balanced the standard cell, unbalance 
the potentiometer by some small value of voltage which gives 
a few centimetres deflexion to the galvanometer. Now insert 
into the galvanometer circuit a variable resistance and adjust 
this until the galvanometer deflexion is halved. By the pre- 
vious theorem the total circuit resistance must have been 
doubled to halve the out-of-balance current. If is the internal 
resistance of standard ceU and the added resistance to halve 
the deflexion it follows that 

r + +rg 

where r is the resistance of the potentiometer between the 
tapping points as explained in Chapter II. 

This test should be carried out as quickly as possible to 
avoid taking current from the standard cell for more than a 
few seconds. 

A very simple method of measuring the internal resistance 
of a pair of standard cells is to connect them in series with 
positive to positive or negative to negative so that their e.m.f.s. 
are opposed, and to measure the resistance of the two cells 
upon a Wheatstone bridge. 
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CHAPTER IV. 


USES OF THE D.C. POTENTIOMETER. 

The d.c. potentiometer is an instrument capable of use for 
the determiaation of voltages -with a high degree of precision, 
and in consequence offers itself as a suitable measuring device 
whenever high accuracy is required in a voltage measurement. 
When the voltage to be measured is greater than the normal 
potential drop in the potentiometer which is of the order of 
1 • 5 volts, it is necessary to make some provision in the teat circuit 
for the measurement of voltages in excess of 1-6 volts. The 
apparatus used for this purpose is the volt ratio box. When 
the potentiometer is employed to measure the current in a 
circuit, use is made of the fact that the potential difference 
between the ends of a resistance is proportional to the current 
passing through the resistance. Thus if a known resistance is 
included in the test circuit to carry the current to be measured, 
and the voltage across this resistance is measured on the poten- 
tiometer, the current is determined from the ratio of the potential 
difference and the known resistance. Where the value of a 
current is required with high precision it is obvious that the 
value of the resistance used must be accurately known, and 
consequently it is necessary to use standard resistances. These 
are frequently referred to as shunts. 

The volt ratio box and the standard shunt are essential 
accessories for use with the potentiometer, and will be con- 
sidered further as a necessary introduction to the uses of the 
potentiometer. 

The Volt Ratio Box. — The volt ratio box ^ consists of a 
resistance tapped at a suitable point such that the resistance 
between one end and the tapping point is a convenient fraction 
of the total resistance. When a voltage is applied across the 
resistance, that across the tapped section is then this fraction 

36 



USES OF THE DU. POTENTIOMETBE 37 

of the whole. For example, in measuring 100 volts, a resis- 
tance of 5,000 ohms tapped at 50 ohms would give a ratio of 
1 to 100, so that the potential measured across the 50-ohms 
section would be one-hundredth of the voltage across the com- 
plete resistance, that is, 1 volt. Where it is necessary to 
measure the very high voltages met with in a.c. distribution 
systems and the like, special designs and precautions must be 
adopted. These will be dealt with in a later chapter. 

Standard Resistances. — ^Standard resistances ^ for use with 
potentiometers should preferably be of the four-termirlal type, 
that is with two current terminals and two potential terminals. 
With any but resistances of 10 ohms and upward four terminals 
are essential if a high degree of precision is required, because 
the end of the resistance becomes indefinite, if only two ter- 
minals are used. With a four-terminal resistance, the resis- 
tance is defined as the ratio of the volt drop between one pair 
of terminals to the current passing through the other pair. It 
may be noted that this value is reversible, so far as the proper 
current and potential terminals are concerned, but not inter- 
changeable with improper pairs of terminals. A set of four 
terminal resistance standards is an essential adjunct to the 
potentiometer. They can be constructed to measure from the 
smallest to the largest current. The type of construction used 
by the National Physical Laboratory consists of a number of 
bare manganin wires hard soldered into copper bars forming 
a grid. Several grids so formed are soft soldered into massive 
end castings of brass or copper, which form the terminals. 
Thin sheet material is more liable to rolling flaws than wire, 
and its use for resistance standards is, therefore, less rehable 
although its cooling surface is greater. The current terminals 
are large bolts in the end casting capable of accommodating the 
heavy leads necessary for large currents. The potential ter- 
minals are smaller and located close to the manganin wires. 
Care is necessary in the design of low resistances to ensure 
adequate cooling and to avoid ambiguity in the potential 
points, with different assembly of the current leads to the 
terminals. The potential points must be sufficiently remote 
from the current terminals to ensure a uniform current dis- 
tribution irrespective of the way in which the current leads are 
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bolted to the shunt. Eig. 20 shows a low-resistance standard 
of this type having a resistance of 0-0002 ohm and a current 
carrying capacity of 750 amperes. Such resistance standards 
have been constructed for the measurement of currents up to 
30,000 amperes. 



Fi&. 20. — ^Four-terminal resistance standard, 0*0002 ohm, 750 amperes. 


Thermo-electric Effect in Shunts. — It is important that 
resistance standards should be free from internal thermo-electric 
effects, as these may produce an entirely false potential difference 
between the potentiometer points. When unsuitable materials 
are used one end of the shunt acquires a different temperature 
from the other, due to Peltier effect. This is always accom- 
panied by false potential readings, so that the current is not 
given by the measured potential. 

When manganin and copper are used in the construction of 
the shunt these effects are negligibly small, but this is not the 
case with copper and copper-nickel alloys. The presence of 
thermal effects can be readily observed when they exist, by 
switching off the current after it has been on for some time 
and measuring the potential difference upon the resistance. 
If this is not zero, thermo-electric effects are present. 

Measurements with the D.C. Potentiometer. — ^In illus- 
tration of the various purposes for which the potentiometer 
may be used a few examples of different types of measurements 
will be given. It is not intended that these should form a 
comprehensive list of the applications of the potentiometer. 

Calibration of a Voltmeter. — ^Fig. 21 shows the simple 
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slide-wire potentiometer of Chapter II used for the measure- 
ment of the potential difference between the terminals of a 
voltmeter. The potentiometer is first standardized as explained 
previously. The voltmeter is supplied with current from a 
separate battery and the indication of the instrument con- 
trolled by a separate rheostat. The position of the tapping 
point is adjusted on the slide wire until the galvanometer reads 
zero. Under this condition the voltage drop along the slide 
wire must be equal to the potential difference at the terminals 
of the voltmeter, so that the latter is determined from the 
reading on the slide wire, which in turn is known in terms of 



Fig. 21. — ^The calibration of a volt- Fig. 22. — ^The calibration of an am- 
meter by means of the potentiometer. meter by means of the potentiometer. 

the e.m.f. of the standard cell. Thus the true voltage corre- 
sponding with any setting of the voltmeter is found. 

When the voltages are balanced no current will pass from 
the voltmeter circuit into the potentiometer circuit or vice versa. 

If the range of the voltmeter is greater than the range of 
the potentiometer, that is if the voltmeter has full-scale de- 
flexion with a voltage greater than about 1-5 volts, a volt ratio 
box must be used. In this case the volt ratio box is connected 
across the voltmeter terminals, the voltage across a suitable 
tapping point being measured on the potentiometer. 

Calibration of an Ammeter. — ^Fig. 22 shows the circuit 
used for the calibration of an amrueter. A standard resistance 
is connected in series with the ammeter, and the potential 
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difference between its terminals measured by means of the 
previously standardized potentiometer. If the standard re- 
sistance is of value 2 ohms and the potentiometer reading at 
balance is 850 millivolts, the potential difference across the 
standard resistance is 0*850 volt and the current is therefore 
0*850/2 = 0*425 ampere. 

The order of accuracy obtainable in the calibration of instru- 
ments by the above method would be insufficient for instru- 
ments of substandard accuracy where the reading may be 
correct to within 1 part in 1,000. In such a case the potentio- 
meter used would necessarily be one of higher precision such as 
is illustrated in Fig. 11. The illustrations given here merely 
serve to show the principle of the measurements. 

The Calibration of a Wattmeter. — The calibration of a 
substandard wattmeter is a measurement of considerable im- 
portance, because it is one of the basic steps in the calibration 
of electricity supply meters. Suitable dynamometer type watt- 
meters will read with equal accuracy on both a.c. and d.c. but 
are much more easily calibrated upon d.c. To calibrate a 
wattmeter it is necessary to measure both the current and the 
voltage, the power will then be given by the product of the 
two measurements. The measurement is therefore a com- 
bination of the two examples given above. 

The wattmeter must be set up in a suitable circuit accord- 
ing to its voltage and current range. Generally the voltage is 
maintamed constant across its voltage terminals since this is 
the usual operating conditions of the wattmeter. The current 
through the wattmeter current system must be varied from 
full load to say of full load. Since the current range may 
be as large as 100 amperes or more it is preferable to provide 
a separate large-capacity battery for the current circuit, whereas 
a small-capacity battery is sufficient to supply the pressure 
system. The total current taken by the voltage system will 
probably be of the order of 20 to 50 milliamperes, depending 
upon the values of ohms per volt of the instrument and ohms 
per volt of the volt ratio box which must be connected across 
its terminal for the purpose of measuring the voltage. This 
current can be supplied from a small-capacity '' high tension 
type ” of accumulator or from large dry cells. Control of the 
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voltage can be made by a series rheostat of sufficient resistance 
to drop the dijfference between the voltage of the battery and 
the nominal voltage of the wattmeter. This may be, for example, 
110 or 220 volts, in which case volt ratios of 100/1 or 200/1 
respectively would be used in the volt ratio box. 

The control of the current in the current circuit is an impor- 
tant matter since fine adjustments are necessary. The voltage 
applied to this circuit need not be more than about 2 volts 
since the volt drop in the current system of the wattmeter will 
probably not exceed 1 volt and a maximum volt drop of 1 volt 
on the shunt in series with it for measuring the current should 
be sufficient. If a higher volt drop is required the battery 



Fig. 23. — Circuit diagram for calibration of a wattmeter. 


voltage must be increased accordingly, but this is only likely 
to occur with low-range instruments. 

The best method of controlling the current is by means of 
a conductance box rather than a resistance box or simple series 
rheostat. The conductance box is dealt with later. By its 
use very fine steps of current change can be made and held 
steady. It is useless to attempt accurate potentiometer meas- 
urements if the current circuit contains contacts which vary 
theii* resistance or resistance undergomg continual change due 
to heating. This is one of the defects of the carbon rheostat 
which is therefore not a good device for potentiometer work. 
The circuit diagram for the complete test is shown in Fig. 23. 
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It is essential to hold both the current and the voltage 
steady during each pair of readings. This is best ensured by 
using batteries of ample capacity and by allowing the circuit 
to remain on load for at least an hour before taking readings. 

If two potentiometers are available, one observer can 
measure the voltage and control this by adjustment at its 
correct value while the other measures the current with the 
second potentiometer by the volt drop on the shunt in the 
current circuit. An alternative sometimes employed is for the 
first observer to control the voltage by means of a previously 
calibrated precision type voltmeter across the voltage terminals 
of the wattmeter. In either of these methods the second 
observer has only to make a simple current measurement and 
is therefore able to give all his attention to this. 

Where both voltage and current have to be measured on 
the same potentiometer the leads from the volt ratio box and 
the shunt must be brought to the potentiometer. A two- 
position selector switch for transferring either circuit for mea- 
surement is essential to enable a quick changeover to be made. 
After a preliminary adjustment to the desired values the two 
measurements should then be made in rapid succession, and 
the results noted as quickly as possible. If a number of read- 
ings are made, with practice it is possible to obtain high accuracy 
even when the values are running down during the readings. 
A great aid in this measurement is an extra tapping point on 
the potentiometer for the voltage circuit. Since the voltage is 
kept constant, by fixing the voltage tapping on the potentio- 
meter at the required reading the voltage can be checked at 
once by turning the selector switch, without altering the dial 
setting. This device is a great time saver. 

It is important to maintain both the current and voltage 
system of the wattmeter at the same potential, otherwise there 
may be electrostatic forces acting between them which will 
affect the calibration. This is most easily done by commoning 
one current to one voltage terminal. In some wattmeters this 
is done permanently on the instrument. Care must be taken 
to see that this connexion is not made on the line side of the 
series resistance of the voltage system of the wattmeter. 

A Voltage Controller. — ^The voltage can be most easily 
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controlled at a constant value by means of a voltage controller. 
This consists of a special form of volt ratio box with the tapping 
point so chosen that the volt drop is equal to the standard cell 
value when the correct voltage is across the total resistance. 
The circuit is shown in Fig. 24. A separate galvanometer and 
standard cell are preferable so that the circuit can be kept quite 
separate from the potentiometer used for the current measure- 
ment. The voltage controller should be provided with a variable 
tapping point to allow for variation in the standard cell voltage 
as well as a number of resistance values in the main circuit 
corresponding to the definite voltage value which has to be 
controlled ; for example, 500, 220 and 110 volts corresponding 


Rheostat 



Variable tapping 
FOR Standard cell 


¥ia. 24. — Voltage controller for wattmeter calibration, 

to resistance values of 50,000, 22,000 and 11,000 ohms respec- 
tively, with the standard cell tapping point varying between 
101-77 and 101-58 ohms in say 20 steps. 

The following Table I gives the measurements involved in 
the calibration of a Torsion head dynamometer wattmeter. 
Although principally used for a.e. measurements, the instru- 
ment is calibrated with direct current. In order to avoid the 
use of a high-voltage battery for the pressure circuit, the series 
resistor is disconnected and a standard lO-ohm resistance sub- 
stituted. The current in the pressure circuit is then maintained 
constant at 20 miUiamperes by measuring on the potentiometer 
the volt drop across the lO-ohms resistor. This current corre- 
sponds with the full working voltage on any range of the watt- 
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meter^ for the series resistor has a resistance of 50 ohms per 
volt. The series resistance value is checked by means of a 
Wheatstone bridge. 

The volt drop upon the shunt in series with the current coil 
serves to determine the wattmeter current, and the required 
value is obtained by adjustment of the current to give balance 
at the requisite setting of the potentiometer. Corrections are 
applied to allow for the difference between the true resistance 
of the shunt and its nominal value. Thus if the shunt resistance 
is OT per cent, low, the volt drop upon it must be adjusted to 
be 0-1 per cent, low in order to obtain the correct current. 

The same procedure is adopted for a polyphase wattmeter. 
In this case interference ■ tests between the two systems are 
made with full load current in one current system and fuU load 
current in the other pressure system. In a perfect instrument 
there should be no interference. In a good instrument the 
interference should not exceed the least coimt of the dial. In 
order to determine if the d.c. calibration is reliable when the 
instrument is used with a.c., a zero power factor test upon a.c, 
is used. An exact phase displacement of 90 between the full 
load current and voltage supplied to the wattmeter systems is 
produced. Under these conditions the instrument should read 
zero. Eddy current or capacitance effects in the instrument 
which would vitiate its accuracy for a.c. measurements are 
shown readily by this test. 

Wattmeter Calibration. — ^A typical test of a 10-ampere 
Single-phase Wattmeter using corrected figures for the Stan- 
dard resistances in circuit is shown in Table I. Wattmeter 
current ranges 10~5-2“1 amps. Calibration on 10 amperes 
range at 20° 0. Standard shunt in current circuit nominal 
resistance 0*1 ohm. Actual resistance 0*0999950 ohm at 20° G. 
Standard shunt in pressure circuit nominal resistance 10 ohms. 
Actual resistance 10*001080 ohms at 20° C. 

The Comparison of Resistances. — One of the uses of the 
precision d.c. potentiometer is the comparison of resistances. 
The potentiometer method is particularly applicable to low 
resistances such as are used for the measurement of large cur- 
rents. The method is very simple and the scheme is shown in 
Eig. 25. The two resistances to be compared are connected in 
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Current in 
Current 
Circuit. 
Amperes. 

Potentiometer 

Setting 

(Potential 

Circuit) 

No, 1, 

Current in 
Pressure 
Circuit. 
Amperes. 

Potentiometer 

Setting 

(Potential 

Circuit) 

No. 2. 

Nominal 

Wattmeter 

Defiexion. 

Actual 

Wattmeter 

Deflexion. 

10 

0-99995 

0-02 

0-20002 

XUvlsIocs. 

500 

i 

Divisions. 

600-2 

8 

0-79996 

0-02 

0-20002 

400 

400-0 

6 

0-59997 

0-02 

0-20002 

300 

299-8 

4 

0-39998 

0-02 

0-20002 

200 

199-8 

2 

0-19999 

0-02 

0-20002 

100 

99*8 

1 

0-09999 

0-02 

0-20002 

50 

50-0 


series with a suitable large-capacity accumulator and regulating 
resistance. The volt drop upon the two resistances is then 
compared by successive measurements of the volt drop upon 
the standard ?'esistance and upon the unknown resistance. 


ReeuLATofi 



It should be noted that the potentiometer need not be 
standardized against the standard cell for this comparison and 
it is an advantage to dispense with this process and use instead 
the volt drop upon the standard resistance as the standardizing 
value. Thus, if the potentiometer dials are set at an integral 
value equal to that of the standard resistance, and the current 
in either circuit adjusted until the galvanometer balances, the 
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volt drop then measured upon the unhnown resistance will be 
its true value in terms of the standard resistance. Eor example, 
if the standard resistance is known to have a value of 0-010003 
ohm, the potentiometer dials would be set to 10003. The 
current would then be adjusted until the volt drop on the re- 
sistance was exactly balanced by the volt drop on the potentio- 
meter dials. The exact value of the volt drop would be quite 
immaterial so long as it was sufficient to give the desired sensi- 
tivity, This would probably necessitate a current of not less than 
10 amperes in the resistance or a volt drop of about 0*1 volt. 

If the potentiometer is now transferred to the unknown 
resistance and the volt drop thereon measured, the value of 
the unknown resistance will be equal to the potentiometer 
reading. 

This method is widely employed in testing the resistance of 
the copper cores of large cables during manufacture. The con- 
trol of the first balance is usually made by adjusting the current 
entirely in the potentiometer circuit, although it might be made 
in either circuit. For this purpose the normal rheostat of the 
potentiometer gives insufficient range and a four-dial resistance 
box is inserted in series with the battery of the potentiometer. 

Measurement of Earth Resistivity further example 
of the use of the potentiometer is in the measurement of earth 
resistances. Measurements of the resistance of the earth are 
employed in prospecting for minerals, in investigating the effects 
of telephone interference from power lines, in determining the 
probability, or otherwise, of lightning striking certain localities 
and in various geological problems. 

One of the chief difficulties associated with the measure- 
ment is that while the resistance of the earth itself is relatively 
low on account of its enormous cross-section, the resistance of 
a contact with the earth may be very high. In measuring the 
resistance between two points on the earth’s surface, the earth 
is therefore treated as a four-terminal resistance, current being 
passed through two earth contacts and the potential difference 
measured between two other contacts with the earth. It is 
usual to space these four contacts at three equal distances 
because the resistivity of the earth can then be calculated by 
an empirical rule due to Wenner,^ which is given below. 
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Natural Earth Currents. — A further difficulty arises in 
measuring the voltage between the potential points, due to 
natural earth currents and to polarization if a metal electrode 
is in contact with the moist earth. Polarization is overcome by 
the use of a liquid electrode consisting of a porous pot contain- 
mg copper-sulphate solution into which a copper rod dips, or 
a porous pot containing sodium chloride solution into which a 
silver rod dips. Such electrodes when in contact with the 
ground do not exhibit a higher degree of polarization than one 
millivolt or less. These non-polarizing electrodes form the 
potential points to which the potentiometer is connected. 
Current is fed into the ground at two copper or steel electrodes 
driven into the earth. If the voltage between the potential 
points is measured and found to be E volts when a current of 
I amperes is flowing in the current circuit, the mutual resistance 
between the current and potential circuits will be given by 
R = E/I ohms, and by Wenner’s formula : if the electrode 
spacing is a centimetres, the resistivity of the ground wiU be 
27tdR ohm-centimetres. 

In most localities there are natural earth currents which 
give a potential difPerence on the earth’s surface. This will 
vitiate the measurement, but the difficulty can be overcome 
by the method devised by A. B, Broughton Edge,^ which in- 
volves the use of an auxiliary potentiometer to balance the 
natural potential differences before making the measurement. 

Fig. 26 shows the scheme. The natural earth potential 
between the potential electrodes is first balanced by means of 
the auxiliary potentiometer when no current is fed into the 
ground, and the right-hand potentiometer is set at zero. 

The current is then switched on and the value is noted on 
the milliammeter, and the voltage balanced by means of the 
right-hand potentiometer. The direction of the current is then 
reversed and the measurements repeated. Both potentio- 
meters are provided with reversing switches which are omitted 
from the diagram for simplicity. The mean of the direct 
and reverse readings eliminates any small polarization occur- 
ring in the circuit. In the standard instrument designed by 
A. B. Broughton Edge the potentiometer is standardized by 
means of its own galvanometer used as a current-measuring 
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instrument, and the whole forms a portable self-contained 
instrument. 

It is interesting to note that, theoretically, if the position 
of current and potential points is interchanged, the same value 
of R will be obtained. 

Temperature Measurements. — ^The d.c. potentiometer is 
very widely used for temperature measurements by means of 
thermo-couples.®"^® The voltage difference between two junc- 
tions of dissimilar metals is an accurate measurement of the 



Fia, 26* — ^Measurement of earth resistivity using an auxiliary potentiometer. 

temperature difference. The metals commonly used for low 
temperatures are copper or iron and nickel-copper alloys. For 
liigh temperature and precision measurement platinum and 
platinum-rhodium alloy are used. With the former, voltages 
of the order of 60 millivolts may have to be measured, but with 
the latter the thermo-electric eflfects are smaller and voltages 
of less than 100 microvolts often have to be measured with high 
precision. This necessitates a type of potentiometer which is 
free from thermo-electric effects, as has been described in 
Chapter III, and a very sensitive galvanometer. 
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CHAPTEB V. 


GALVANOMETERS. 

The detector by means of which the balance point on a 
potentiometer is determined is an important part of the poten- 
tiometer equipment. Various types of detector are used, each 
with its merits and disadvantages. Certain basic principles in 
the operation of these detectors are determined by the con- 
ditions of use and the circuit of the potentiometer. Eor in- 
stance, since the detector is to be used for the measurement of 
small voltages, its voltage sensitivity should be high ; also to 
enable rapidity of operation it is desirable that it should respond 
quickly to the alterations made in the circuit. These points 
win now be discussed more fully together with the factors influ- 
encing the choice of the detector for a particular measurement. 
In general it may be taken that the detector used in potentio- 
meter work is one of the various tjpes of galvanometer, either 
with or without some means for amplification of the out-of- 
balance voltage. 

The Moving- Coil Galvanometer. — The length of wire L 
in the coil of the galvanometer is given by the product of the 
number of turns N and the mean length of turn I, i.e., L = NZ. 
The number of turns is given by the area of the space available 
for the winding A, divided by the cross-sectional area a of the 

A A 

wire (mcluding insulation) used. N = - whence ® K 

the cod is of fixed geometric dimensions the length of mean 
turn and the winding space are constant, then L o: N and ® cc 

and hence the resistance of the cofi., which is proportional to 
the length of wire and inversely proportional to its cross-sec- 
tional area, is directly proportional to the square of the number 
of turns. That is r oc N® or alternatively N a Vr where r is the 
cod resistance. 
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TLe galvanometer torque r is proportional to the strength 
of the magnetic field H in which the coil swings and the ampere- 
turns iN of the coil, that is 

TocHiN 

so that for a given current 

TailVr 

which gives the current sensitivity. If the applied voltage is 
e then i '^here R includes the coil resistance and the 

xv 

external resistance, and for a given voltage 

tccHN/R 

and since N a Vr 

rocHVr/R 

which gives the factors determining the voltage sensitivity. 

Erom the point of view of the desirable rapidity of response, 
the damping of the galvanometer is of great importance. If 
the galvanometer is overdamped the response is so sluggish that 
the conditions of balance cannot be found with any certainty, 
as the true zero cannot be observed. If underdamped, the 
galvanometer overswings and the process of adjustment becomes 
very slow due to the time required for the galvanometer to 
come to rest. The galvanometer should be critically damped 
or slightly overdamped when the potentiometer key is closed, 
so that it comes to rest in about one complete swing. 

The damping, which is almost entirely electro-magnetic and 
due to the generated e.m.f. in the coil, is governed by the field 
strength of the magnet and the total resistance of the circuit. 
If the field strength is too great, the galvanometer wiU be over- 
damped, but if the field strength is too weak, the sensitivity 
will not be sufficient. 


The galvanometer wiU be critically damped when ^ 

TtL^b^ 

when P = natural period 

R = total circuit resistance 


T = restoring force 

L = total length of conductor forming the coU 
b = radius of moving coU 
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since all of these are constant for a given galvanometer except 
the resistance it follows, since rcxL^ 

that, Hoc 

Combining the voltage sensitivity and critical damping, the 
condition for maximum sensitivity with critical damping will 
require that 

1 . 

r oc — — IS a maximum. 

VR 

It will be evident that this is a maximum only when the gal- 
vanometer resistance r and the total circuit resistance R of 
which it forms part is as small as possible. 

Choice of Galvanometer Resistance. — ^In practice the 
expression deduced above means that in order to obtain the 
maximum voltage sensitivity in a potentiometer circuit, the 
galvanometer should have the lowest possible resistance and 
the potentiometer circuit should be of as low resistance as 
possible. The field strength of the galvanometer should then 
be adjusted to give critical damping. 

It is often thought that the galvanometer resistance should 
match the circuit resistance .for maximum sensitivity, but this 
is not true. If this condition obtains, the power delivered to 
the galvanometer for a given voltage acting in the circuit wiQ 
be a maximum, but that is not the condition of maximum 
voltage sensitivity. 

In many cases there is no control of the field strength of 
the galvanometer magnet. In these cases the galvanometer 
should have about one-third of the external resistance, as this 
permits critical damping to be obtained with a reasonably high 
field strength, thus giving good sensitivity. . 

It is interesting to note that for maximum current sensi- 
tivity R must be a maximum. This means that the galvano- 
meter resistance and the external resistance must be as high 
as possible. In the latter circumstances, a very high field 
strength can be used without overdamping, thus increasing the 
current sensitivity of the galvanometer. This condition is, of 
course, quite unsuitable for potentiometer work, but applies to 
such measurements as insulation testing. 




GALVANOMETERS 


63 


Even when the external circuit resistance is high, the highest 
voltage sensitivity wiH be obtained with a low-resistance gal- 
vanometer, using a high field strength, made possible by the 
high circuit resistance without overdamping. 

A very sensitive galvanometer is of no practical advantage 
unless its zero is stable, since it becomes impossible to make 
use of the sensitivity in determining a balance if the zero shifts. 
The stability of the zero is governed by the strength of the 
restoring force exercised by the suspension. If this is weakened 
to increase the sensitivity, the zero may become less stable and 
may nullify the advantage. If the coil is swinging in a very 
strong magnetic field the zero may be unstable due to magnetic 
impurities in the coil becoming magnetized in different orienta- 
tions when it is deflected &om zero. Thus these two things 
which both increase the galvanometer sensitivity, increase the 
instability at the same time. In practice a compromise has to 
be made, and the most efiScient galvanometer is one where the 
compromise has been most effective. It is always more com- 
fortable to work with a short-period galvanometer which follows 
the adjustments made to the circuit quickly, hut the sensi- 
tivity of a galvanometer is proportional to the square of the 
period, so that the sensitivity is reduced to one-quarter if the 
period is halved. Thus a compromise again becomes necessary 
between speed of response and sensitivity. 

Comparison of Moving-Coil and Moving-Magnet Gal- 
vanometers. — ^The moving-coil galvanometer is a more con- 
venient instrument to use than the moving-magnet galvano- 
meter and is generally preferable because of its freedom from 
disturbance due to magnetic fields, and the better damping of 
the moving coil. The limitation in the moving-coil galvano- 
meter is due to its resistance. It is not possible to construct 
a sensitive moving-coil galvanometer with a resistance of less 
than say 5 ohms, because of the resistance of the ligaments 
conveying the current to the coil, which must be very thin so 
that the coil can swing freely. The most successful type of 
sensitive low-resistance moving-coil galvanometers employs a 
very small coil of silver wire to which the current enters by 
gold-leaf ligaments, the coil being suspended upon a fine quartz 
fibre. The resistance of the galvanometer limits its voltage 
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sensitivity. In the case of the moving-magnet galvanometer 
the resistance can he made extremely low, because the coU is 
fixed and can he wound with very large wire. When current 
flows in the fixed coil the tiny suspended magnets move the 
mirror attached to them which reflects a spot of light on to 
a scale. Thus for the measurement of very low potentials it 
may he necessary to have recourse to a moving-magnet type 
of galvanometer, with its concurrent disadvantages. One or 
two magnetic screens of high permeability nickel-iron alloy are 
usually employed to surround the whole galvanometer system 
to reduce magnetic disturbances, but the magnetic system must 
first be made very astatic, as magnetic screening is not a 
complete cure for this. The moving-coil galvanometer can give 
a sensitivity so that a change of 10“® volt can be observed, 
while a very good moving-magnet galvanometer will detect 
10“® volt. String ” galvanometers, which consist of a single 
fine wire in a strong magnetic field, are not convenient for 
general purposes because they require observation by micro- 
scope, which is very fatiguing, or by magnified projection, and 
in addition, their voltage sensitivity is low. 

Methods of Amplification. — ^To obtain sufficient sensi- 
tivity for potential measurements in very high-resistance cir- 
cuits, the method of Drs. Poole and Atkins ^ can be used. 
This is to interrupt the very small out-of-balance current by 
means of a clockwork interrupter and then amphfy and listen 
upon telephones. In the case of ionization measurements with 
glass electrodes, where the circuit may have a resistance of 
many megohms, an electrometer valve amplifier can be em- 
ployed. The circuit designed by Drs. Platt and Winfield ® for 
this purpose is shown in Fig. 27. The electrometer valve is 
one of which the grid impedance is extremely high, being of the 
order of 10^^ ohms. Its amplification factor is unfortunately 
small. It does not, however, shunt the high-resistance ciccuit 
across which it is used to measure the voltage, thus acting as 
a detector of almost infinite resistance. The electrometer valve 
is followed by a second amplifying valve in the anode circuit 
of which the galvanometer is inserted. 

Because of the difficulty of d.c. amplification, the method 
used is to operate the key slowly by hand and amplify the 
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pulses of out-of-balanee voltage which are impressed upon the 
grid of the electrometer valve when the key is depressed. A 
galvanometer with rather special ballistic properties is necessary 



Fig. 27. — Method of amplification of out-of-balance voltage and in 
opposition. YTien balanced no galvanometer current flows when the key 
is operated. 


to take full advantage of this principle. A sensitivity such 
that a potential difference of 0-0002 volt through a 600-megohm 
resistance can be detected, is obtainable by this method. 
Where a lower sensitivity is sufficient an electrometer ^ can be 
used without any amplification. 
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CHAPTER VI. 


THE A.C. POTENTIOMETER. 

Introduction. — Since the potentiometer is so powerful an 
instrument for the measurement of steady voltages, its appli- 
cation to corresponding alternating voltage measurements is an 
obvious extension of its sphere of utility. There are, however, 
two major difficulties which must be surmounted — the jBxst 
being the need to balance the phase of the measured potential 
as well as the magnitude, and the second to standardize the 
potentiometer, as there can be no alternating standard cell of 
chemicals for this purpose. 

The solution to the first difficulty is found in two ways. 
One is to rotate the phase of the measuring voltage until it 
agrees with the unlmown, and to adjust its magnitude until it 
balances the unknown. That is, the potentiometer produces a 
polar vector of variable phase and magnitude, and is known 
as a polar potentiometer. The two main instruments of this 
type are the Pranke machine and the Drysdale a.c. potentio- 
meter. The second way of balancing the phase is to use two 
components of voltage at right angles and adjust their values 
until the sum of the two components balances the potential to 
be measured. The main instruments of this type are the 
Larsen, the Gall, the Pedersen and the Gampbell-Larsen a.c. 
potentiometer. These give the value of the voltage measured 
in rectangular co-ordinates either directly in volts in the usual 
symbolic vector form, or the components of the voltages are 
derived by simple calculations from the circuit components. 

The difficulty of standardization is nearly always overcome 
by using a current-measuring instrument in the potentiometer 
instead of a standard cell, alternatively use is made of a device 
which employs the heating effect of a direct current to com- 
pare with the heating effect of an alternating current. The 
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value of tlie direct current is standardized by means of tlie 
standard cell. 

There have been many types of a.c. potentiometer described 
from time to time, but only a limited number have come into 
general use. A general historical description will be found in 
Albert Campbell and Ernest 0. Childs’ '' The Measurement of 
Inductance, Capacity and Frequency/’ Macmillan, pp, 435-41. 
In the following pages the circuit and method of use of the 
most important of these are given. 

The Franke Machine. — ^The Franke machine ^ was the 
first true a.c. compensator consisting of two alternators mounted 
in one unit with a means of rotating the stator of one machine 
with respect to the other. In this way the phase of the voltage 
of one machine can be varied with respect to the other. The 
magnitude of the voltage can also be controlled. Although 
this apparatus performed the function of a potentiometer it 
was more a machine than an instrument, and the same feature 
has been employed in many subsequent machines. 

The Drysdale A,C. Potentiometer. — The Drysdale a.c. 
potentiometer^”® was first made in 1908 and was the first 
complete instrument comparable with a d.c. potentiometer. 
It consists of a phase-shifting transformer which supplies 
current to a potentiometer. The phase-shifting transformer 
allows the phase of the current in the potentiometer to he 
rotated through any angle and the potentiometer provides for 
variation of the magnitude of the voltage. In this way any 
unknown voltage can he balanced both for phase and magni- 
tude, and the result is given as a polar vector. 

In order to standardize the potentiometer, the instrument 
is first energized with d.c., just like a d.c. potentiometer, and 
balanced against the standard cell. 

The simplified circuit is shown in Fig. 28. In the potentio- 
meter circuit a Weston d 5 ?namometer type miUiammeter is 
inserted giving a full-scale reading with about 55 milliamperes. 
The resistance of the potentiometer is 2 ohms per stud on the 
main dial, giving a total resistance of about 40 ohms. From 
6 to 8 volts are necessary to provide the 50 milliamperes, which 
gives the correct volt drop upon the dials, on account of the 
resistance of the dynamometer. 
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The dials are set to the standard cell value of 1*01830 volts 
(at IS'^C.) and the rheostat adjusted until the standard cell 
voltage is balanced. The dynamometer should now indicate 
50 milliamperes and it is usual to move the zero adjustment of 
the dynamometer until the pointer coincides with the fine line 
on the scale which marks the standardized position. 

The Weston dynamometer reads accurately upon both a.c. 
and d.c. so that if the current through the potentiometer when 
upon a.c. is adjusted to reproduce exactly this reading, the 
same effective or r.m.s. value of current must be flowing. If 
the impedance of the potentiometer coils is the same upon a.c. 
and d.c. then the effective or r.m.s. value of potential drop 

A.C.SUFPLY 



Pig. 28.-— Schematic diagram of Brysdale a.c. potentiometer. 


upon the potentiometer coils will be the same upon a.c. as upon 
d.c. when standardized in this way. 

The battery is now replaced by the phase-shifting trans- 
former, which feeds a.c. from its rotor into the potentiometer. 
This current should then he adjusted until it remains constant 
at the 50 milliamperes value as indicated by the dynamometer, 
for all positions of the rotor. When these conditions have been 
foMUed the instrument is standardized and may be used for 
the measurement of unknown voltages. 

The Phase -Shifting Transformer. — ^The phase-shifting 
transformer is the essential part of the Drysdale potentiometer. 
It consists of a stator having 48 teeth wound with two similar 
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windings displaced 90° in space witli respect to each other. The 
two windings each produce a linear distribution of flux diametri- 
cally across the rotor at right angles to each other. The rotor, 
which has 36 closed slots, is also wound with two similar wind- 
ings displaced 90° in space with respect to each other. The 
linear flux distribution of the stator induces a voltage in the 
rotor winding which is proportional to the sine of the angle to 
which the rotor winding is inclined to the stator flux. 

Thus if the winding of phase I of the stator is excited by 
a.c. and the voltage induced in the rotor winding is measured 
at various angular positions of the rotor, the result will be a 
sine wave of voltage as shown in Eig. 29. 



Fig. 29. — Voltage induced in phase-shifting transformer rotor when turned to 
different angular positions. 


When the two stator windings are excited from a two-phase 
source of equal voltage Ci and 90° out of phase with each 
other, then the two sine curves of induced voltage will be added 
vectorially at 90°, The resultant voltage will be 

E = Cl sin 9 ? + 362 cos cp 

when j denotes a rotation of 90° in time. This is well known 
and can be graphically demonstrated by adding the two sine 
waves. As shown in Eig. 29, this addition gives a rotating 
vector of uniform length, the time phase of which will agree 
with the space angle (f>. 
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If these conditions exist, the rotor voltage will remain con- 
stant at all angular positions and the dynamometer will give 
the same reading wherever the rotor of the phase-shifter is 
turned. 

In order to balance the effect of rotor reaction due to the 
current flowiag in the rotor winding, the second phase of the 
rotor is loaded with the same resistance and inductance as the 
potentiometer itself, thus producing symmetrical rotor reaction 
in all positions of the rotor. 

To provide the two-phase source necessary for the stator 
of the phase-shifter it is usual to “ phase-split ” from a single 
phase source, as this provides a ready means of adjustment to 
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!Fia. 30. — ^Vector diagram of phase-si:)litting process. 


fulfil the requirements of a perfect rotating field in the phase- 
shifter. 

Phase-splitting is brought about by means of a condenser 
and resistance in series with one phase of the stator winding 
as shown in Fig. 28. 

The vector diagram of the voltage distribution involved in 
the phase-splitting process is shown in Fig. 30. 

The current in phase II must be 90 in advance of the current 
in phase I, and at the same time the voltage across phase II 
must be equal to and 90 "" in advance of that existing across 
phase I. 

The current in phase I lags by the angle ^ behind the voltage 
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applied to phase I where tan y is the ratio of the reactance to 
the resistance of this winding. The volt drop on the resistance 
is in phase with the current in phase II and the volt drop on 
the condenser lags 90° behind this current. 

Because must be equal to it will be clear that unless 
the phase angle of the stator winding is greater than 45° the 
desired adjustment cannot be made. In practice at 50 cycles 
the phase angle ^ is about 50° and depends upon the frequency. 
If the phase-splitting is incorrectly adjusted, the condition for 
the circular rotating field will not be met ; that is, Ci and 
will be unequal and the time phase between them will not 
be 90°. 

In practice the adjustment is made by trial and error, by 
adjusting the resistance and condenser until the dynamometer 
remains stationary at all positions of the rotor, A guide to 
the adjustment is given by the following rule. Adjust capaci- 
tance when the phase-shifter axis is at 45° leading. Adjust 
resistance when phase-shifter axis is at 90° leading. 

This process of phase-splitting is perhaps the most difi&cult 
feature of this type of potentiometer because it is complicated 
by fluctuations in the supply voltage which give misleading 
indications. Fluctuations also occur due to ftequency varia- 
tions and neither of these effects is linear. This disadvantage 
places a limit upon the accuracy of the indications of the phase- 
shifter and although precision of magnitude can be maintained 
by careful readjustment of the current in the potentiometer by 
means of the rheostats, the phase angles must be determined 
by triangulation if required accurately. 

As will be mentioned later, there are methods of making 
the phase-splitting a more definite process than in the original 
instrument, but owing to the limitation of the iron magnetic 
circuits and the preponderating effect of the air gap the simple 
rotating field is only approximately achieved in the actual 
phase-shifter. 

Method of Using the Drysdale A.C. Potentiometer. — 

The latest form of the complete instrument is shown in Fig. 31. 
This instrument is provided with a changeover switch to facili- 
tate the standardization upon d.c. and the changeover to a.c. 
without change of connexions. 
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The process of setting up the instrument may be summarized 
as follows : 

Connect up battery, d.c. galvanometer, a,c. galvanometer, 
standard cell, a.c. supply, phase-splitting condenser and phase- 
splitting resistance. Turn the changeover switch to d.c. and 
balance the standard cell, using the d.c. galvanometer, and 
adjust the current with the rheostat, having set the potentio- 
meter at 1-01824, i.e., the standard cell value. Set the dynamo- 
meter pointer to its 50-milliampere reading by means of the 
zero adjuster. Turn the changeover switch to the a.c. position 
and set the phase-shifter axis to zero. Adjust the current in 
the potentiometer by means of the rheostat until the dynamo- 
meter gives the same reading as upon d.c. Turn the phase- 
shifter to 45*^ leading and adjust the condenser until the dynamo- 
meter pointer reads the same value to which it was adjusted 
upon d.c. Turn the phase-shifter axis to 90° leading and adjust 
the resistance until the dynamometer again reads correctly. 
Repeat this process successively between 0°, 45° and 90° until 
the dynamometer remains stationary. 

A later modification of the circuit has made the standardiz- 
ing process simpler by the introduction of a mutual inductance 
in the second winding of the phase-shifting transformer. This 
enables the adjustment of the phase-splitting unit to be made 
with greater speed and facdity and at the same time extends 
the utihty of the potentiometer by the introduction of some of 
the advantages of the co-ordinate type of potentiometer which 
will be described in a later section. Further details of the 
modifications to the Drysdale potentiometer are given in 
Chapter X. 

When standardized in the above manner the potentiometer 
is ready for use. Unknown potentials can be measured by 
applying the unknown to any of the four pairs of test terminals, 
and turning the selector switch to the appropriate position and 
balancing the a.c. galvanometer by successive adjustments of 
the phase-shifter and the dials of the potentiometer. 

The process of balancing consists of producing a known 
voltage exactly similar to the unknown voltage, just as in the 
case of the d.c. potentiometer, any difference between the two 
voltages being indicated by the detector or galvanometer. The 
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phase and the magnitude of the two voltages must agree. The 
phase of the current through the potentiometer and therefore 
of the potential drop upon the resistances which compose the 
potentiometer is rotated by the phase-shifter. The magnitude 
of the potential is varied by the potentiometer dial setting. 
The iihknown potential is therefore measured as a magnitude 
with a certain phase relationship. This relationship is purely 
arbitrary and must be established with reference to some suit- 
able datum. In many cases this datum is provided by the volt 
drop upon some suitable part of the circuit under test. For 
example, the volt drop upon a non-reactive resistance will give 
the phase of the current flowing and this can be made the zero 
angle so that all other measurements will be with reference to 
the current in the circuit. Alternatively, the supply voltage 
may be chosen for the zero phase angle. When the potential 
which it is desired to use as the phase datum has been balanced, 
the index of the phase-shifter can be turned to O'" and clamped 
to the rotor spindle in this position. The Axis ” pointer 
of the phase-shifter marks the magnetic axis of the rotor 
so that when this is on zero the rotor volts are in phase with 
the voltage supplied to phase I of the phase-shifter stator. It 
is the axis pointer which is used during the process of phase- 
splitting, but not generally for measurement purposes. 

Accuracy. — ^The accuracy with which potentials can be 
measured depends upon the accuracy of the Weston Dynamo- 
meter MiUiammeter and the non-reactivity of the resistance 
coils of the potentiometer, since the volt drop along any given 
portion of the potentiometer will be e = IZ where I is the 
current and Z the impedance of the potentiometer between the 
potential points. 

The reading of the Weston Dynamometer can be reproduced 
at the one position on its scale at which it is standardized against 
the standard cell upon direct current to a precision of rather 
better than 0*2 per cent. This, therefore, represents the limit 
of absolute precision with which any a.c. voltage can be deter- 
mined with the standard form of the potentiometer. This 
precision will be further reduced by any frequency errors in the 
dynamometer or effects due to stray magnetic fields, or by the 
presence of harmonics in the wave-form of the current through 
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the potentiometer. Although this appears a low degree of 
accuracy, it is very difficult to obtain a higher degree of absolute 
accuracy in alternating current measurements by any means, 
because very few sources of supply are steadier than this. A 
much higher degree of relative accuracy can be obtained, because 
fluctuations do not necessarily affect relative measurements. 

Wave -Form of Current, — ^The dynamometer indicates the 
effective or r.m.s. value of the current. The potentiometer can 
only balance the fundamental frequency except in the remote 
case of the harmonics of the wave to be balanced coinciding 
both in phase and magnitude with those in the potentiometer 
circuit. This cannot occur in different parts of any reactive 
circuit even if it should occur in one part, so that in general it 
may he definitely said that the potentiometer balances only the 
fundamental frequency and the very selective nature of the 
tuned vibration galvanometer facilitates this selection. 

It is important, therefore, that the wave-form of the current 
through the phase -shifting transformer should be a good sine 
wave at all positions of the rotor, otherwise a voltage measure- 
ment at one phase angle will not agree with the measurement 
at another because the harmonics affect the r.m.s. value which 
the dynamometer indicates. With modern supply systems of 
good wave-form this condition is very closely fulfilled, so that 
the current in the potentiometer remains sensibly sinusoidal. 

Fluctuations in the Supply Frequency. — ^The coils in the 
potentiometer are nearly non-reactive, having a time constant 
of not more than 10“® seconds and the error resulting from the 
change in impedance with frequency is negligible compared with 
other uncertainties. The precision with which phase angles 
can he measured is dependent upon the phase-splitting. With 
a perfectly steady frequency and voltage supply the phase- 
shifter gives electrical angles in agreement with the geometrical 
angles of the dial to about 0-1 to 0*2 degree. Small phase 
differences are best measured by vector triangulation, that is 
by measuring the three voltages which will define the angle. 
When the frequency of the supply is fluctuating the phase of 
the rotor current also fluctuates, so that care must be used when 
interpreting the phase-shifter readings, particularly at large 
phase displacements. The frequency fluctuations will also 





Pig. 33. — ^Larsen potentiometer. 
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affect the earrent flowing through the potentiometer, and it 
may be necessary to adjust the current by means of the rheostat 
to make the dynamometer, and therefore the potentiometer, 
read correctly. It must be borne in mind, however, that if 
the frequency of the supply is fluctuating there will be a definite 
restriction placed upon the precision with which the reactive 
properties of the circuit under test can be determined, because 
these very properties will be as uncertain as the fluctuations 
themselves. This can hardly be regarded as a defect in the 
potentiometer. 

Fluctuations in the Supply Voltage. — ^Fluctuations of 
the voltage supply may not be so serious, for if the potentio- 
meter and the circuit under test are fed from the same supply, 
both circuits will vary in step and the balance between them 
will remain quite steady. This effect is of great importance 
in a.c. potentiometry because it permits measurements to be 
made with an accuracy superior to the steadiness of the supply. 
The measurements so obtained refer to the steady conditions at 
which the potentiometer reads correctly. In practice, it is diffi- 
cult with a phase-shifter in the circuit to distinguish between 
voltage fluctuations and errors of phase-splitting. 

Extraneous e.m.f.s. — Care must be taken to avoid another 
source of errors in a.c. potentiometry. E.m.f.s will be induced 
in any of the potential leads where there are stray alternating 
magnetic fields. These e.m.f.s will generally behave as small 
voltages added vectorially to the voltage under test. Their 
magnitude can be determined by short-circuiting the leads at 
the point of measurement and balancing the residual voltage 
induced in the leads. 

To reduce these parasitic e.m.f.s all the potential leads 
should be twinned so that they do not easily pick up induced 
voltages. As far as possible, all magnetic apparatus should be 
kept well away from the potential circuit. Current-carrying 
leads also should be twinned where this can be done. The 
phase-shifter in the potentiometer circuit can be the cause of a 
difficult class of stray induced voltages, wMch rotate in phase 
according to the position of the rotor. This means that they 
cannot be deduced from a measurement, as their values are 
not constant, but their effect depends upon the actual rotor 
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position when a measurement is made. Every effort should be 
made to eliminate this complication when precise work is being 
done. There is an appreciable capacitance between the stator 
windings of the phase-shifter and the potentiometer windings, 
and tliis allows capacitive current to enter the potentiometer 
circuits which may disturb the balance. Methods of dealing 
with this possibility are dealt with in Chapter VlII. 

Operation, from Three-Phase Source. — ^For some pur- 
poses it is convenient to operate the potentiometer from a 
three-phase source. For this purpose the phase-shifting trans- 
former is provided with a three-phase winding. When used in 
this way, frequency fluctuations will not affect the phase re- 
lationship of the rotor current to any appreciable extent and 
this method of supply has some advantages for laid-out routine 
works tests such as occur in transformer manufacture. Fluc- 
tuations in the voltage being self-compensatory, a precision of 
measurement higher than the steadiuess of the supply can be 
maintained and the results obtained are in effect those of steady 
supply conditions. By suitable layout of the circuits they can 
be made to apply to the nominal voltage at which the tests 
are desired. 

The Larsen A.C. Potentiometer. — The Larsen a.c. poten- 
tiometer is one of the simplest forms of rectangular co-ordi- 
nate instruments. It consists 
of a resistance potentiometer 
in series with a. variable 
mutual inductance, the whole 
being connected to an isola- 
ting transformer. The circuit 
is shown schematically in 
Fig. 32 . 

The voltage drop Ir on the 
resistance r of the potentio- 
meter will he in phase with 
the current I. The voltage 
induced in the secondary of 
the mutual inductance will 
be in quadrature with the 
current and will be JcyMI where M is the mutual inductance 



Fia, 32,- -Larsen potentiometer-ciremt 
diagram. 
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and 0 ) = 27tf, f being the frequency. The unknown potential 
difference is connected to the secondary of the mutual and 
the tapping points of the resistance potentiometer through 
two reversing switches which allow both positive and negative 
values of inphase and quadrature components to be obtained. 

Although the circuit is so extremely simple there are some 
drawbacks in practice. 

The values of M necessary at low frequencies are rather 
large, or else large currents are necessary. The phase relation- 
ship between the isolating transformer (not shown in Fig. 32) 
secondary voltage and the current it supplies to the resistance 
potentiometer and primary of the mutual inductance is depen- 
dent on the ratio of resistance to inductance, that is, the time- 
constant of the circuit. Since the time-constant is low, due to 
the relatively large inductance, the phase angle is relatively 
large, and therefore any variation of frequency altering the 
reactance of the circuit wiU. also alter the phase angle. In 
other words, frequency fluctuation will cause a phase swing of 
the- energizing current. This effect may be reduced by the 
insertion of ballast resistance, but the result is an increase in 
the operating power required. Further, the value of the quad- 
rature component is entirely dependent upon the frequency, and 
no means exist to measure it directly. The presence of the 
large inductance so near the measurement is a source of stray 
magnetic fields. The relatively high impedance of the circuit 
makes it rather insensitive for low-voltage measurements. 

Generally, the mutual inductance does not read in volts 
directly but requires conversion by some multiplier, and the 
dissimilarity of scales of the two parts of the potentiometer is 
apt to be confusing. It is to avoid this that the design illus- 
trated in Fig. 33 has been developed. It will be seen that both 
potentiometer and mutual inductance have the same external 
appearance and the value of M is so chosen that the dials are 
direct reading at 50 cycles per second. 

The Campbell-Larsen Potentiometer. — ^The Larsen 
potentiometer has been modified by A. Campbell so that 
both components of voltage can be read directly. The circuit 
of the Campbell-Larsen potentiometer is shown in Fig. 34. 
The object of this rearrangement of the circuit is to overcome 
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the difficulty of using the simple Larsen circuit at different 
frequencies and to facilitate its use at lower frequencies without 
unduly large mutual inductance. The modified circuit can be 
set immediately to the values appropriate to the nominal fre- 
quency at which measurements are to be made, so that the 
resistance potentiometer portion and the mutual inductance 
portion wUl both read directly in volts when the current is 
correctly adjusted. It differs from the simple Larsen potentio- 
meter in that only a portion of the total current passes through 
the resistance potentiometer, which is arranged to form part 
of a circuit of constant loop resistance R. The current pass- 


(juuJ ISOLATIHO 



ing through the resistance potentiometer will always be deter- 
mined by the ratio of the resistances of the circuit 

i R 

where i is the total current. 

If, therefore, the value of S is chosen in proportion to 2?r/ 
the current division will also be proportional to 27cf. Since the 
voltage induced in the secondary of the mutual inductance is 
also proportional to 2jr/, it follows that by means of this shunt 
circuit the volt drop in the resistance potentiometer and the 
induced voltage in the mutual inductance are both proportional 
to 2?^. By choice of a suitable value of M and S both sections 
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of the potentiometer become direct reading in volts. In the 
actual instrument the values of S, controlled by a dial resistance, 
are calibrated directly in frequency. A thermal device is 
employed to standardize the a.c. in the circuit. This circuit 
is shown in Fig. 35. The battery sends a current round the 
circuit through the resistor K and the heater H when the two 
double pole switches are in the positions shown. The circuit is 
so arranged that the volt drop on K is exactly equal to the 
voltage of the thermo-couple when heated by the current pass- 
ing through the heater H. The d.c. galvanometer, therefore, 
reads zero for one current only as any change in the current 
will disturb the voltage balance and allow the battery to 
send current through the galvanometer. To standardize the 
a.c. at the same value the two 
switches are thrown into the upper 
position and the heater H is re- 
placed in the battery circuit by 
an exactly equal resistance H', 
thus mamtaioing the battery cur- 
rent at the same value. If now 
the a.c. is passed through the 
heater H and adjusted until the 
galvanometer reads zero, the 
r.m.s. value of the a.c. must be 
equal to the d.c. flowing in the 
resistance K. With suitably ar- 
ranged circuit values the d.c. will remain very constant. The 
constancy can be checked by measuring the volt drop on the 
resistance K by means of a d.c. potentiometer. 

To overcome the need for knowmg accurately the frequency 
in order to set the shunt resistance S to the appropriate value, 
A. Campbell has made a modification to the circuit which is 
shown in Fig. 36.^^ The method is to use a differential thermal 
instrument to obtain equal currents in the two potentiometer 
circuits. The two heater resistances of the thermal instrument 
are q in the resistance circuit and in the secondary of the 
mutual inductance circuit. When the currents through and 
q are equal, the d.c. galvanometer will be balanced. The first 
step is to set the two switches a and h into the right-hand 



Fig. 35. — Campbell’s thermal 
current balance. . 
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position. This closes the circuit of the mutual inductance 
through the heater p. The impedance of the circuit will, there- 
fore, be made up of the resistance of the secondary circuit, 
including p and the inductance of the secondary winding of 
the mutual inductance. That is, the impedance will be 

-j- p + icoLa. 

The current flowing will be proportional to the induced voltage 
62 = jcoMIi and inversely proportional to the impedance. 

LlsaJ Isolating' 


Mutual 

Inductance 


To l/NfCNOWN 

Voltage 

Fig. 36. — Campbell-Larsen potentiometer. Modified circuit. 

In tlie resistance potentiometer circuit the switch intro- 
duces the inductance Li into the circuit in order to make the 
time-constant of the two circuits equal. That is 

^2 +y + g 

La Li 

The current flowing in the resistance potentiometer circuit 
will be proportional to S as previously described. The mutual 
inductance is set to its maximum value and the value of S 
adjusted until the d.c. galvanometer shows the two currents to 
be balanced. Since they are acting in circuits of which the 
impedances are proportional, the e.m.f.s which produce the 
current must be in the same proportion. In this way the volt 





Fig . 3 7 . — Campbell -Larsen pofeentiometer. 
(Cambridge Instrument Coy,) 
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drop on tke resistance S must bear a known relation to the 
Yoltage induced in M, As already described, S can be cali- 
brated directly in jfrequency, and the setting of S so found 
gives the frequency of the supply. 

Having found the correct setting for S in this way the two 
switches a and b are moved to the left-hand position. The 
switch a introduces a resistance r equal to the resistance of Li 
and so restores the circuit to its non-inductive condition. The 
switch h open-circuits the secondary of the mutual inductance 
and leaves the potentiometer ready to make measurements. 
The heater p is now switched into a d.c. balancing circuit 
similar to that shown in Pig. 35 for the standardization of the 
current. 

As will be seen, the potentiometer depends upon the accurate 
inter-relationship of the circuit values which are somewhat 
comphcated to check. The precision of the thermal current 
measuring balance is given by Campbell as 1 part in 1,000. 
The impedance of the potentiometer circuit is rather high owing 
to the presence of the secondary of the mutual inductance. 
This makes the measurement of very small potentials dMcult, 
as it restricts the sensitivity of the galvanometer or other 
detector. 

In the instrument made by the Cambridge Instrument 
Company and shown in Fig. 37 the inphase component has a 
range of 1*8 volts readable to about 10 microvolts. The mutual 
inductance gives a range of 1 volt readable to 10 microvolts 
and to 2 microvolts for small values of quadrature volts if a 
sufficiently sensitive detector is available. The frequency range 
covered is from 25 to 1,000 cycles with an accuracy of setting 
of 1 in 1,000. Higher frequencies involve a simple multipl 3 ?ing 
factor. The resistance potentiometer can be used also as a 
d,c. instrument. 

The Pedersen A.C. Potentiometer. — ^The Pedersen a.c. 
potentiometer makes use of the unique circuit consisting of 
series resistor R and inductance L in parallel with series resistor 
R and capacitance 0 which remains non-reactive at all fre- 
quencies provided that R = VL/G and in the two parts of 
which the currents are always in quadrature. 

In the strict sense this is not a potentiometer but a potential 
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comparator, because in use the actual potentials are not cali- 
brated but used to compare the voltage drop upon known and 
unknown impedances, so that it is not unlike a bridge in the 
manner in which it functions. A particular virtue of this cir- 
cuit is that it can be used for the measurement of frequency 
and also to check its own quadrature. The simplified circuit 
is shown in Fig. 38, and the vector diagram in Fig. 39. 


A.c,Si/ppiy 





Fi(j. 38. — ^Pedersen potentionieter. 



k 


Pia. 39. — ^Vector diagram of 
Pedersen potentiometer. 


The current in the inductive branch is given by 
=V/(R+>L) 

where V is the voltage applied to the potentiometer. 
That in the .capacitive branch is Iq = V/^R — 
and since CR^ == L 


these become == V/R(l +jo}GBj) 

and lo =jcoCRV/R(l + jcoCR) 

whence Ic == jcoCRIl 


which means that the current in the capacitive branch leads 
that in the inductive branch by exactly 90"^ at aU frequencies. 
This can be seen from the vector diagram, which also shows 
that at the centre point of each slide wire the potential is the 
same, and in consequence both positive and negative values of 
potential can be selected by the tapping points either side of 
the centre or zero position on the slide wire. This in effect 
results in the possibility of measurement of voltage in all four 
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quadrants without the necessity of reversing the connexions to 
the tapping points. 

In using the instrument to measure an impedance it is 
necessary first to ensure that the currents in the two branches 
are in exact quadrature 
and, second, to determine 
the fi:equency. The circuit 
arrangements to fulfil these 
two conditions are shown 
in Eig. 40 and Fig, 41. In 
Fig, 40 the e.m.f. induced 
in the coil L' is jcoMIl 
which is leading by 90 on 
I^ and is thus in phase 
with the current Iq under 
correct working conditions. 

This e.m.f. is balanced by 
the voltage selected by the tapping points on the capacitive 
branch by a fraction b of the total resistance of this, circuit. 
Then jcoMlj^ = 61^, or 

b ^jcoMIj,/lo =M/CR, 

that is when M is fixed, the position to be selected by the tap- 
ping points on the capacitive branch is also fixed and therefore 

independent of fre- 
quency. The balance 
condition is checked 
by the null indication 
of the detector, and 
adjustments made by 
means of the small 
variable self-induct- 
ances shown in the 
more complete dia- 
gram of Fig. 43. 

To measure the 
frequency, the coil Lo 
(Fig. 41) in the main circuit of the potentiometer is coupled to 
the coil Lo', by the mutual inductance Mo. The e.m.f. induced 


A.C£upply 



A££uPPLY 



Fig-. 40. — Testing quadrature of Pedersen 
potentiometer. 
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in Lo' is then balanced by the voltage drop on the two branch 
resistances as indicated. The current in the coil Lo is 
II + Ic == (1 +i<^C!R)lL, 
and the e.m.f. induced in the coil Lo' is 

jcoMoil +jcoGR)Ij, = (icoMo - (y^CRMo)!^. 

This is balanced by the settings a and b on the resistances of 
the inductive and capacitive branches respectively, so that 
(jcoMo — CO ^CRMo)Il == -f blQ 

= {a + JcoCR6)Il 

from which, equating real and imaginary parts 

a == CO ^CRMo neglecting the sign for a will simply 
be negative. 

~OR 

Hence co == ^ 

As in the previous measurement it will be noticed that the 
setting on the capacitive branch is again independent of the 
frequency and consequently with a fixed value of Mo, b may 
be set to some predetermined value and the frequency measured 
by adjustment of a until balance is obtained. 

The measurement of an unknown impedance is effected as 
indicated in Pig. 42 by comparison of the voltage drop across 



ma. 42. — Impedance measurement with Pedersen potentiometer. 
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it with, that across a known impedance, nsnally a standard 
resistance, carrying the same cnrrent. The nnknown impe- 
dance X and standard resistance Rq are connected in series to 
a coil Li' which is coupled by a variable mutual inductance 
Ml to the coil Li in the main potentiometer circuit. By varia- 
tion of Ml the current in the test circuit can be controlled and 
the voltage drops across the unknown impedance and standard 
resistance adjusted to be within the range of measurement of 
the potentiometer. The voltage across the standard resistance 
is first balanced by adjustment of the potentiometer tapping 
points to the values and 6i and then that across the unknown 


Rheostat 



/ A,C.Supply 

Fig. 43. — Actual circuit of Pedersen potentiometer. 


impedance giving the values and The voltages thus 
measured, are {a^ +ioCR6i)lLKrg and {a^ + jcoCRbs)Ij^X. 

from which X = 

Ua +^a)CR&2 

Since coCR and Rg are known, X may be calculated. In 
certain circumstances it may be possible to adjust the ciccuit 
conditions so that coCR = 1 which results in a simplification of 
the calculation. 

In the instrument as designed for general use a series of 
dials is used in preference to a slide wire, and it wiU he seen 
from Fig. 43 that special arrangements are necessary to give 
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the potential variations and maintain constant resistance in the 
ctrcnit. 

The Pedersen potentiometer is intended for, and best suited 
to, impedance measurements at audio and higher frequencies, 
it is less suitable for power frequencies and measurements of 
actual voltages or powers. The volt drops upon the two poten- 
tial systems of which it is formed are usually very unequal and, 
furthermore, they change phase appreciably with frequency 
fluctuation. Fig. 44 shows a complete potentiometer of this 
type in self-contained form for use up to 100,000 cycles per 
second. 
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Fig, 44, — ^The Pedersen potentiometer. 
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THE A.O. POTENTIOMETER {continued). 

The Co-ordinate A.C. Potentiometer.— A considerable 
experience mth the polar potentiometer led the author to devise 
the GaU type of co-ordinate potentiometer i"® as a means of 
avoiding the use of the phase-shifting transformer for phase 
rotation of the voltage in making a balance. More mature 
experience has shown that a combination -of-the two types has 
many other advantages. 

The co-ordinate a.e. potentiometer consists of two exactly 
similar potentiometers. 

One is supplied with 
current substantially in 
phase with the supply, 
and the other with cur- 
rent exactly in quadrature 
with the former. The 
former is called the “ in- 
phase ” potentiometer and 
the latter the “ quadra- 
ture ” potentiometer. 

Tl nlm own. potentials 
are balanced by an equal 
known voltage compounded of two components at right angles 
derived from the two potentiometers. Each potentiometer has 
a reversing switch in its potential circuit so that the phase of 
the component can be turned through 180°, or from positive to 
negative. The way in which any vector value of voltage can 
be built up follows from Eig. 45. 

The vector voltage OA is made up of the component a upon 
the mphase potentiometer plus the voltage b upon the quadra- 
ture potentiometer giving the resultant value E = a -f volts 

77 



jPig. 45. — -Voltage vectors as built up by 
co-ordinate a.o. potentiometer. 
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in the usual symbolic notation. The voltage OB will be made 
up of — + jb, that is, the potential derived from the inphase 

potentiometer is reversed. 

The inphase potentiometer consists of a non-reactive poten- 
tiometer having 18 studs on the main dial and a slide wire sub- 
dividing the volt drop between the studs. Normally the voltage 
range is 1*9 volts subdivided to 1 millivolt and readable to 0*1 
millivolt with a lower range of from 0*19 volt readable to 10 
microvolts. The inphase potentiometer has a sensitive reflect- 
ing dynamometer of the torsion head type in series with it. 
This instrument gives a full-scale defl.exion of the torsion head 



Fig. 46. — Simplified circuit of co-ordinate a.c. potentiometer. 


for 50 milliamperes, and this current can be observed upon the 
optically reflected scale to about 1 or 2 parts in 10,000. The 
dynamometer reads effective or r.m.s. current without fre- 
quency errors up to 2,000 cycles and provides the link between 
the d.c. standardization against the standard cell and the a.c. 
measurements to a precision comparable with that of the stan- 
dard cell itself. The simplified circuit is shown in Eig. 46. 

The inphase potentiometer is balanced against the standard 
cell upon direct current and the torsion head of the reflecting 
dynamometer turned until the reflected “ spot ’’ is brought 
back to zero. The potentiometer circuit is now fed with a.c. 
and the current adjusted until the dynamometer spot is again 
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balanced at zero, the torsion head remaining untouched. This 
means that the same effective or r.m.s. value of current is 
flowing through the circuit and the potentiometer is, therefore, 
giving true values of voltage upon its dials. 

In order to standardize the quadrature potentiometer, it is 
essential that the phase of the current should be adjusted to 
be exactly 90° displacement from that of the inphase potentio- 
meter as well as at its correct magnitude. 

This is done in the following way (see Fig. 46). A standard 
mutual inductance is included in the circuit of the inphase 
potentiometer, and the volt drop on the quadrature potentio- 
meter balanced against the secondary voltage induced by the 
inphase current, by adjustment of the phase-splitting circuit 
in the primary of the isolating transformer. The secondary 
winding is disconnected after standardization. 

The voltage induced in the secondary of the mutual induc- 
tance will be in quadrature with the primary current so that 
it can only be balanced when the voltage of the quadrature 
potentiometer also is in quadrature — ^which is what is required. 

Further, by choosing a suitable value of mutual inductance, 
in this case 31-83 millihenries, the voltage will be some definite 
proportion of the frequency, because there will be 50 milli- 
amperes in the primary circuit. The induced voltage e = 27tfM.% 

1 . / 

therefore if M = henries e = volts. If, therefore, the 
IOjc luU 

dials of the quadrature potentiometer are set to 0*5000 volt at 
50 cycles and the supply to the quadrature potentiometer 
adjusted until secondary voltage of the mutual inductance is 
balanced, the quadrature potentiometer will be standardized 
against the. inphase potentiometer both for phase and magni- 
tude. The accuracy of the magnitude wUl depend upon the 
accuracy with which the frequency is known. If this is a source 
of doubt then a second dynamometer should be included in the 
quadrature potentiometer to standardise the current to 50 
miUiamperes. The mutual inductance gives the quadrature 
accurately, independently of frequency, while the setting of the 
balanced potentiometer will then give the frequency of the 
supply. It is seldom found necessary to employ this second 
djniamometer because the frequency of the supply is usually 
known. 
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The potentiometer is usually provided with a changeover 
board containing the necessary switches for changing over to 
d*c. for standardization. A separate rheostat is included in the 
d.c. circuit so that it is not necessary to disturb the a.c. setting 
of the circuit. This allows the standard cell balance to be 
checked quickly without any readjustment on the a.c. side. 
To supply the quadrature potentiometer some form of phase- 
splitting circuit is employed. It is desirable that there should 
be no appreciable harmonics in either of the circuits, since the 
potentiometer gives essentially a single frequency balance. 
Originally a form of mutual inductance, phase-splitting was 
employed in preference to condenser phase-splitting with the 


A.C.SUPPLY 



Fig, 47. — Original phase-splitting circuit for co-ordinate a.c. potentiometer. 


object of reducing the magnification of harmonics by the 
capacitance (Eig. 47). With the advent of nickel-iron magnetic 
alloys it became possible to change to condenser phase-splitting. 
Much more efficient phase-splitting circuits can be constructed, 
reducing the phase-splitting losses to negligible dimensions, so 
that the whole potentiometer can be operated with less than 
1 watt, instead of about 40 watts with mutual inductance 
phase-splitting. This makes it possible to use the potentiometer 
upon a valve oscillator of reasonable output. 

The isolating transformers are essential to prevent cross- 
connexion between the potentiometer and the circuits under 
test. They also serve the useful purpose of reducing the 
capacitance between the supply and the potentiometer. The 
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importance of this will be dealt with later. The latest method 
of phase-splitting is shown in Fig. 48. 

Both isolating transformers are provided with screens to 
their primary and secondary windings, as well as between the 
windings, so that capacitance current from the source can be 
prevented from entering into the potentiometer circuit. 

The two isolating transformers are usually built into one 
unit and can be placed remote from the instrument ; a point 
which helps to reduce sources of stray fields. The resistance 
and condenser are built in one unit of convenient size for placing 
behind the potentiometer for easy control. The standard 
mutual inductance and the dynamometer are both astatically 
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Fig. 48. — ^Phase-splitting circuit for co-ordinate a.c. potentiometer. 


wound but should be placed where they are unlikely to cause 
or be affected by, stray magnetic fields. 

Owing to the inductance of the dynamometer and the 
primary of the mutual inductance in the inphase potentiometer 
circuit, the current in the circuit will be displaced in phase 
with respect to the supply voltage. This means that the inphase 
potentiometer is not truly in phase with the supply hut lags 
behind it. For many purposes this may not be important, but 
for some purposes it is an advantage to be in phase with the 
supply volts. When this is required, it is necessary to put 
the dynamometer and mutual inductance in the quadrature 
potentiometer and leave the inphase potentiometer entirely 
non-reactive. It makes no difference to the operation of the 
instrument but is rather more extravagant in the reqxwisd. 
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po-wer, because this is largely governed by the phase-splitting " 
circuit. 

It can be shown ® that the minimum possible conditions of 
phase-sphtting wiH require reactances storing energy equal to 
at least twice the voltamperes of the quadrature circuit, thus 
the larger the voltamperes of this circuit the more extravagant 
the phase-splitting. 

The dynamometer has an inductance of 50 millihenries and 
a resistance of 87 ohms. The primary of the mutual inductance 
has a resistance of 20 ohms and an inductance of 30 millihenries. 
The resistance of each potentiometer is 40 ohms. 

The complete circuit of the potentiometer, including the 
changeover board, is shown in Eig. 49. 

It will be noticed that there axe two “ test ’’ positions. 
These are arranged so that the voltage of either potentiometer 
can be used independently. For example, in standardizing 
against the standard cell only the inphase potentiometer is 
used, that is, the selector switch is turned to Test 1 position. 

The selector switch is turned to Test 2 position when balanc- 
ing the quadrature potentiometer against the mutual induc- 
tance. Four other positions of the selector switch are available 
for testing purposes. Each potentiometer is fully screened 
electrostatically and aU the connexions between the selector 
switch and the terminals are screened. This permits the use 
of the instrument at audio and carrier ” frequencies if suit- 
able precautions are taken to screen the circuits effectively. 

The sign-changing switches reverse the potential points of 
each potentiometer. The potential drop on the two potentio- 
meters is added by being connected in series so that the voltage 
is made up of the volt drop a on the inphase potentiometer, 
plus the volt drop b on the quadrature potentiometer, and can 
have any value 

+ a -j-jb both signs + 

-a-jb „ „ — , 

+ a — jb inphase sign + quadrature sign — 

^ jb 33 JJ 33 JJ “b 

In this way the resultant potentiometer voltage can be turned 
into any quadrant of^the circle. 
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The co-ordinate potentiometer can be used also as an acci 
ate d.c. potentiometer. The degree of subdivision can 
increased if desired by using the two potentiometers of wlii 
it is composed in series, suppKed from separate batteries 
from the same battery using the reduced range for one potent; 
meter. This combination gives a very Mgbly subdivided insti 
ment. A special advantage of the two separate potentiomefr 
is that one can be used to calibrate the other by the meth« 
described in Chapter XII. 

General Procedure in using the “Co-ordinate” AA 
Potentiometer, — ^For work at low frequencies, such as i 
cycles, the potentiometer equipment consists of the followh 
items : The potentiometer itself, the isolating transformers, tl 
phase-splitting unit and changeover board, the reflectu 
dynamometer, the standard mutual inductance, vibration ga 
vanometer shtmt and the standard cell. 

The apparatus is arranged as shown in Fig. 60. The sel 
contained reflecting galvanometers shown there are the moi 
suitable type because they can be set np in any position witl 
out separate scales, allowing close grouping of the scales, whic 
is very convenient in operation. The reflecting dynamomet€ 
shown in Fig. 51 upon which the standardization of the instn 
ment depends should be set up so that the scale can be easil 
observed and the torsion head easily reached for adjustmeni 
The dynamometer is mounted with its own optical system i 
a bos with a cover which can be closed when not in use. 

The two galvanometers and the reflecting dynamomete 
can most conveniently be mounted immediately above am 
behind the potentiometer with the scale slightly below eye 
level. It is much less tiring to look down, rather than up, ti 
the scales. 

The isolatiag transformer and the standard mutual indue 
tance should be as far away as convenient from the potentio 
meter and from each other. The phase-splittiag unit am 
changeover board should be just behind the potentiometer, ii 
easy reach for adjustment when required. 

The isolating transformer is usually arranged for 100 to Hi 
volt supply. It is convenient to have a voltmeter across th* 
supply to the potentiometer. The main power terminals tc 
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wMch. the apparatus under test is to be connected should also 
be on this circuit. It is preferable to have the control rheostat 
on the supply side of these terminals so that the voltage to the 
potentiometer is always the same as that to the test circuit, 
but that may not be possible if the currents to be dealt with’ 
are too large. 

The changeover board is provided with switches so that the 
8-volt battery can be connected to the inphase potentiometer 
for the purpose of standardizing the dynamometer against the 
standard cell. This is done by setting the dials of the inphase 
potentiometer to the value of the standard ceU, 1*0183 volts 
at 18*^ C. and adjusting its rheostat until the d.c. galvanometer 
shows that the potentiometer balances the standard cell. The 
switches of the changeover board change over the supply from 
d.c. to a.c .5 connecting the a.c. galvanometer in place of the 
d.c. galvanometer and the standard mutual inductance in place 
of the standard cell. The selector switch in the potentiometer 
connects the potentiometer to the appropriate test terminals. 

When the standard cell has been balanced in this way, the 
torsion head of the reflecting dynamometer must be turned 
until the spot ” is brought back to its original zero position. 
A tangent screw is. provided to give a very fine control of the 
torsion head, and the sensitivity is such that current changes 
of 1 part in 10^ will be detected by the spot of the reflecting 
dynamometer. The current when standardized in this way is 
50 milhamperes and this corresponds to one complete turn of 
the torsion head. The dynamometer should be re-standardized 
from time to time during tests because the spring weakens with 
temperature rise due to the self-heating of the dynamometer 
coil. Constancy is reached in about half an hour on fuU current. 

The changeover board is now switched over to a.c. and the 
selector switch in the potentiometer turned so that the quadra- 
ture potentiometer is connected to the secondary of the mutual 
inductance. The current through the inphase potentiometer 
must first be adjusted to reproduce the same deflexion upon 
the reflecting dynamometer as when standardized upon, d.c. 
When this adjustment has been made by means of the rheostat 
in the potentiometer, the same r.m.s. value of current will be 
passing through the inphase potentiometer. The spot of the 
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dynamometer usually exhibits a certain amount of unsteadiness 
upon a.c. due to the fluctuation in the supply. The magnitude 
of tbese is an indication of tbe limit of precision to which, the 
absolute value of potential can be measured, but not necessarily 
the limit of precision in carrying out a test, because of the self- 
compensating action of the circuit when balanced against 
another voltage varying in exactly the same way. 

Having calibrated the inphase potentiometer, the quadra- 
ture potentiometer is then standardized against the mutual 
inductance. The dials of the quadrature potentiometer are set 
at the known frequency, for example at 50 cycles to 0-500 volt, 
and the phase-splitting adjusted until the vibration galvano- 
meter is balanced, showing that there is no difference of poten- 
tial between the quadrature potentiometer and the secondary 
of the mutual inductance. The current through the inphase 
potentiometer passes through the primary of the mutual induc- 
tance, so that the secondary voltage is in quadrature with this 
current, and therefore in quadrature with the volt drop upon 
the non-inductive coils of the inphase potentiometer winding. 
By balancing the quadrature potentiometer against this secon- 
dary voltage, the two potentiometer voltages are brought into 
quadrature with each other. The magnitude of the secondary 
voltage will be E == coM x 50 x 10"“® volts because the current 
in the inphase potentiometer is 50 milliamperes. 

If M is 31*83 X 10“® henries 

E = 6-284 X 31*83 x lO'^ X 50 x 
= //100 volts. 

It is essential that the frequency be known with sufficient 
accuracy, if the quadrature potentiometer is to be standardized 
in this way. If the actual frequency of the supply differs 
slightly from the specified frequency, the e.m.f. induced in the 
standardizing mutual inductance and applied to the quadrature 
potentiometer tapping points will be instead of j27zfMl, 

Since tbe tappmg poiats are set at the voltage corresponding 
with / the resultiag quadrature energizing current, whilst stiU 
being in quadrature with the inphase current, differs from its 
correct value by an amount equal to the ratio of the actual to 
the true value of the frequencies. A correction is therefore 
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necessary ; all values obtained on the quadrature potentio- 
meter must be multiplied by fi/f. This effect may be of im- 
portance in certain types of measurement where high accuracy 
is required and will be discussed in greater detail later. 

The adjustment of the phase-splitting circuit is made by 
successive approximations until a sharp balance of the vibra- 
tion galvanometer spot is obtained. In the preliminary stages, 
the galvanometer shunt should be used to reduce the sensi- 
tivity of the galvanometer. If the galvanometer spot shows a 
number of images and cannot be brought to a sharp balance, 
it is due to the presence of harmonics in the supply. The 
standardizing balance is a very severe test for the presence of 
these because the induced voltage in the secondary of the mutual 
inductance is proportional to the frequency and the harmonics 
are, therefore, magnified up in proportion to theic order. 

The presence of some smaU harmonics in this balance, with 
the galvanometer completely unshunted, is almost inevitable, 
but need not seriously affect the use of the instrument. They 
must reduce the accuracy because the current is standardized 
by its r.m.s. value, which includes the harmonics, whereas the 
actual potential balances are made on the fundamental only. • 

The error is, therefore, the difference between the r.m.s. 
value of the fundamental and the fundamental plus harmonics. 
It has been pointed out by Dr.- C. V. Drysdale ’ that a single 
14 per cent, harmonic or two 10 per cent, harmonics are neces- 
sary to produce a 1 per cent, error. A single harmonic of 4*5 
per cent, would produce an error of only 0*1 per cent, and each 
1*4 per cent, harmonic produces an error of 0*01 per cent. 

In practice the blurring of the vibration galvanometer spot 
ia the unshunted condition on the mutual inductance balance 
should not exceed about 0*5 cm. on the scale for good supply 
condition, and reasonably good work can be done when the 
blurring amounts to several centimetres. Shunting the vibra- 
tion galvanometer will reduce the apparent effect of the har- 
monics. 

The Ayrton-Mather type of universal shunt, in which the 
resistance in the galvanometer circuit remains constant, is not 
suitable for use with the vibration galvanometer. It is better 

4-^ +.TT-rua rvP rra.lTra.nA-mAf,Ar sVmnt which Will 
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greatly damp the galvanometer when reduced sensitivity is 
required. When the vibration galvanometer is heavily damped 
by a low resistance across the vibrating coil, its response is 
very rapid and it will follow changes in the balance as quickly 
as they can be made. This facilitates quick balancing, and the 
shunt can be removed to provide the maximum sensitivity to 
perfect the balance finally. It is. advisable to introduce resis- 
tance in series with the shunted galvanometer to prevent excess 
current flowing round the galvanometer circuit when the poten- 
tiometer is much out of balance. This resistance can be incor- 
porated in vibration galvanometer shimts and can be cut out, 
in the position of maximum sensitivity, when the galvanometer 
is unshunted. Unless this series resistance is introduced when 
small voltages are being measured, the value of which is quite 
unknown, difficulty is sometimes experienced in deciding in 
which direction to adjust the potentiometer dials. A false 
minimum deflexion of the vibration galvanometer spot may be 
obtained if the impedance of the galvanometer circuit is too 
low. When this occurs any movement of the dials increases 
the deflexion, but no balance can be obtained. It is due to 
resistance of the slide wires and coils in the potentiometer 
circuit being higher than the galvanometer circuit across them, 
and can only occur when the galvanometer is heavily shxmted. 
Although out of balance, the actual current flowing round the 
circuit decreases as the potential points on the slide wires and 
cods are separated, because the resistance of the circuit in series 
with the galvanometer is increasing faster than the volt drop 
on the shunted wires. 

The actual procedure in balancing is to make successive 
adjustments upon the two potentiometers and observe the 
vibration galvanometer. If the deflexion decreases then the 
adjustment should be continued in that direction until the 
minimum deflexion is obtained. The other potentiometer 
should then be adjusted in the same way. If the potentio- 
meter being adjusted reaches zero in the process, the sign- 
changing switch should be operated and the setting then 
increased. This reversal of sign takes this component of 
voltage through zero. It is a convenient preliminary to making 
a balance to operate both the inphase and quadrature sign- 
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changing switches until the mmimum position is found. This 
usually ensures that the phase of the two components is in the 
right direction. The effect of the sign-changing switch is simply 
to reverse the potential points. This is equivalent to changing 
the phase through ISC' or reversing the sign. The sign of any 
voltage being measured can be changed in this way by simply 
reversing the leads to the potentiometer terminals. 

When an approximate balance has been obtained the gal- 
vanometer shunt can he opened and the balance perfected. 
The key can be left depressed during the final stages as there 
wiU be no danger of the small out-of-balance current damaging 
the potentiometer or galvanometer, but it should always be 
open to protect the circuit during other changes. 

When the final balance is obtained, the results are read 
directly on the two potentiometers as a complex quantity/ 

It is most important to note the signs. If the test circuit 
leads are reversed the setting of both potentiometers should 
remain unchanged, the signs only being reversed. Unless re- 
versing the leads gives exactly the same reading reversed, there 
are induced e.m.f.s acting in the circuit. 

In many laboratories, where highly inductive apparatus is 
tested, large magnetic fields are present. These may cause 
false readings by affecting the potential circuits. That is, those 
circuits in which no current flows when a balance has been 
obtained. Induced voltages will appear in these circuits and 
give a false condition of balance. The secondary of the mutual 
inductance is astaticaHy wound to reduce this effect, but a very 
unsymmetrical stray field would cause a considerable voltage 
to be induced into this winding. Usually it can be eliminated 
by orientating the inductance until no voltage is induced, using 
the vibration galvanometer across the terminals to find the zero 
position of induction. All the leads in the potential circuits 
and the galvanometer leads should be carefully twinned to 
ehminate induced voltages. The galvanometer shunt must be 
non-inductive, otherwise it will act in the presence of stray 
fields as an indncing coil straight across the galvanometer ter- 
minals. The simple test is to short-circuit the ends of the 
potential leads between which the potential is to he measured 
and then balance the a:alvanometer. The potentiometer dials 
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should then read zero. It is very seldom that there is any 
difficulty in bringing about this condition. Occasionally, tests 
have to be made with the potential leads widely separated, 
due to the formation of the apparatus under test. The voltage 
induced by the stray field in these cases can be allowed for by 
a separate measurement of the e.m.f. induced in the leads. 
In the case of measurements at higher frequencies, it is neces- 
sary to take particular care to eliminate stray inductance and 
capacitive effects, and if suitable precautions are adopted, the 
a.c. potentiometer can be used up to 100 kilocycles. It is 
advisable to rearrange the circuit for these higher frequencies 
and omit the dynamometer, but at audio frequencies up to, 
say, 2 kilocycles, the low-frequency arrangement of the circuit 
is suitable. The inductance of the dynamometer necessitates 
a rather higher voltage supply to that circuit. A smaller value 
of mutual inductance should be used at audio than at power 
frequencies. 

In the high-frequency arrangement of the circuit, shown in 
Fig. 52, the dynamometer is removed, and small toroidally 
wound high-frequency mutual inductances, Mi and M 2 , are 
inserted into both the inphase and the quadrature potentio- 
meter circuits, to enable the correct phase and equality of the 
respective currents to be checked. A special isolating trans- 
former is required. The standardization of the potentiometer 
is made upon a potential divider across the supply with a valve 
voltmeter to measure the supply voltage. The accuracy is 
necessarily limited to the means available for measuring high- 
frequency voltage. 

It is generally advisable to work with one side of the test 
circuit at earth ” potential, and to arrange the circuits’ so 
that they are screened from stray capacitive effects. The iso- 
lating transformer for supplying the potentiometer is provided 
with screens to each winding. By connecting these screens to 
one side of the supply, all leakage and capacitive currents will 
be by-passed back to the supply. The screen between the 
windings can be earthed so that capacitive currents vriU flow 
directly to earth ” instead of into the potentiometer circuit. 
One end of the potentiometer circuit can be connected to its 
own screen so that no part of the measuring circuit is more than 
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2 volts above earth, potential. The circuit under test must be 
so arranged that one of the points between which the voltage 
is to be measured is at earth potential as shown in Eig. 52. 
The potential leads should be screened^ but it must be remem- 
bered that the capacitance of these leads will be shunted across 
the circuit under test and across the potentiometer circuit and 
the effect of this capacitance may be of importance. It may 
be necessary to provide fixed potential leads to the apparatus 
to be tested and to bring these leads close to the potentiometer, 
so that their effect can remain constant and be allowed for. 


SUPPLY 



This precaution applies to measurements made upon circuits 
of high impedance. 

When it is necessary to obtain a greater degree of sensi- 
tivity a valve amplifier may be used in the galvanometer cir- 
cuit. For high-frequency measurements the detector usually 
consists of a heterodyne detector amplifier. These will be 
dealt with in a later section. 

A Portable A.C. Potentiometer. — portable a.o. poten- 
tiometer ^ was designed by the author for workshop and field 
measurements. This potentiometer is self-contained with a 
sensitive vibration galvanometer built in to provide the detector. 

- ssTkAt ifi nrovided from 
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the a.c. supply from which the potentiometer is excited. This 
is usuaEy from 100 to 110 volts. A number of fixed frequency 
ranges can be provided and these have covered from 25 cycles 
per second up to 1;000 cycles per second. The potentiometer 
consists of two dials, one giving inphase potentials and the 
other giving quadrature potentials. The range usually con- 
structed covers from 0 to Hb 150 millivolts on each slide wire, 
A volt ratio box is incorporated which extends the range to 
T5 volts, 15 volts and 150 volts, and a set of resistances for 
the measurement of currents up to 15 amperes. The potentio- 
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Fig, 53. — The Gall portable a.c. potentiometer circuit. 


meter can also be provided with reducing ratios so that voltages 
down to 1 microvolt correspond to the least count. This instru- 
ment has found a useful application in routine iron testing, 
general a.c, relay design, and in the measurement of magnetic 
fields in connexion with geophysical prospecting for miuerals. 
Fig. 53 shows the simplified circuit diagram. The circuit is 
very simple in theory, but considerable care is necessary in 
practice to avoid electro-magnetic pick-up iuto the galvano- 
meter from the components all housed in the same ease. The 
supply is connected through a controlling rheostat to an isolatiog 
transformer. This transformer is provided with three secondary 
windings. One is used to illuminate the vibration galvanometer 
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lamp. The second winding supplies current to the quadrature 
wire through a condenser in series with the slide wire. The 
third winding supplies the inphase wire. The time constant 
of this circuit is adjusted by a small inductance to make the 
volt drop on the inphase wire in true quadrature with the 
quadrature wire. 

The two centre or zero points, of the slide wires are con- 
nected and each wire reads positive and negative values on 
each side of the zero point. Various fixed frequency ranges 
are obtained by altering, by means of a ganged switch, the 
condenser and inductance values. A voltmeter across the 
supply is used for standardization, calibration points for each 
frequency being marked upon the scale. The pointer is adjusted 
to these calibration points by means of the controlling rheostat 
which allows of a wide variation in the supply voltage. 

A further type of portable instrument for measuring the 
phase and magnitude of the voltage has been devised by the 
author. It is shown in Fig. 54. This is called the vector 
voltmeter.® It consists of a pointer type of instrument which 
measures the two components of an a.c. voltage just like a 
co-ordinate potentiometer. The meter resistance is made as 
high as possible so that it does not appreciably disturb the 
circuit to which it is connected. The instrument has two 
windings called, for convenience, the local winding and the 
control winding respectively. The local winding is connected 
to the mains at any convenient voltage such as 100 or 230 volts. 
The control winding, which is of very high resistance, is con- 
nected to the circuit of which the voltage has to be measured. 

The instrument is provided with a switch for standardizing, 
an inphase or quadrature switch, and a sensitivity control 
rheostat. The first switch in the test position changes the 
connexions of the two windings so that the fixed and moving 
coils are in parallel across the supply or local voltage. With 
the second switch in the inphase position the instrument then 
behaves as a dynamometer voltmeter and reads the true voltage 
of the local circuit provided the control rheostat is turned to 
the open circuit position. (It should be noted that both cir- 
cuits contain large series resistances and their time-constants 
are equal.) 
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HaYing measured the voltage of the supply in this way upon 
the true voltage scale, the sensitivity control rheostat is then 
turned until the pointer gives the same reading upon the Vector 
voltage scale. This means that the vector voltage scale has 
been standardized to suit the true value of the local supply 
voltage. Any voltage can then be measured by the control 



circuit. With the second switch in the In phase ’’ position 
the component of voltage inphase with the local voltage will 
be indicated. With the switch in the quadrature position the 
component of voltage in quadrature with the local voltage will 
be indicated. The circuit is shown in Fig. 55, 

This analysis of the two components is made by swiaging 
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the phase of local current through 90° when the quadrature 
component is measured. Thus in its inphase position it measures 
like a wattmeter, and in the quadrature position it measures 
like a sine meter. 

The instrument has found a Yariety of applications among 
which are the measurement of railway signalling circuits and 
the flexing of aeroplane propeller shafts. 

Students’ A.C. Potentiometer. — ^A simplified form of the 
co-ordinate a.c. potentiometer has been designed ® for use upon 
the supply mains at one frequency. This instrument consists 
of two slide wires, one fed directly from a suitable secondary 
winding of a transformer and the other through a condenser 
from a tertiary winding. The volt drop upon the two wires 
is adjusted to be in quadrature by means of an inductance in 
the inphase slide-wire circuit. The instrument is standardized 
by means of a Yoltmeter across the primary of the transformer 
and a rheostat permits the adjustment of the voltage to a red 
mark upon the dial indicating the correct voltage. The abso- 
lute accuracy is about 2 per cent., but relative voltage measure- 
ments can be made to a higher precision than this. 

A further development in student instruments is the Polar 
Co-ordinate Students’ a.c. potentiometer. This instrument 
combines a phase shifter with the co-ordinate potentiometer 
so that the phase of both slide wares can be swung through 
any angle. Both slide wires are provided with current measur- 
ing instruments so that they can be adjusted to their correct 
value with ease. The phase-shifting transformer can be fed 
from a three-phase or two-phase source direct or from a phase- 
sphttiog circuit and a single-phase source. Pig. 56 {a and 6) 
shows the potentiometer. 

Detectors for use in A.C. Potentiometer Measure- 
ments. — ^In most cases the moving-coil type of vibration gal- 
vanometer is the most suitable form of detector since it has 
the advantage of good sensitivity combined with rapid damping. 
When the coil vibrates between its pole pieces an e.m.f. is 
generated in the cofl. which, by Lenz’s electromagnetic law, 
tends to obstruct its own movement. This property of the 
moving-coil vibration galvanometer which causes it to come 
rapidly to rest is of great advantage in rapid measurements. 




Fig. 56 fG — Inphase and quadrature potentiometers — Students’ a.e. 
potentiometer. 



Fig. 5dd. — Phase-shifting transformer — Students’ a.c, potentiometer 
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3?ig. 51 . — ^Vibration galvanometer. 
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Pig. 57 shows a self-contained vibration galvanometer suit- 
able for use at one frequency. 

It is a desirable feature that the galvanometer or any other 
detecting device used in making a balance, should take up its 
final position rather faster than the dials of the instrument can 
be operated. In the older moving iron types of vibration 
galvanometer this was quite impossible, as there is very little 
damping of the vibrating element, so that balancing was a 
tedious process and a pause had to be made after each adjust- 
ment to allow the vibration galvanometer to settle down to 
something near its final value in order to observe the effect of 
the adjustment made. With a suitable moving-coil vibration 
galvanometer this does not happen, and the galvanometer 
responds immediately to the adjustment of the circuit, so that 
it is possible to obtain a balance as quickly as the dials can be 
moved. In order to obtain this rapid response, it is necessary 
that the galvanometer should be acting into a circuit of suit- 
able impedance. The galvanometer should generally be heavily 
shunted until the final accurate balance is made. Even when 
shunted with a resistance of a fraction of an ohm, the sensitivity 
of a good moving-coil vibration galvanometer is sufficient to 
allow a balance to a few millivolts to be made. The galvano- 
meter can then be unshunted and the final balance made with 
the highest precision to which the circuit lends itself. A moving- 
coil vibration galvanometer working with a 1-metre scale dis- 
tance can usually be obtained with sufficient sensitivity for two 
or three microvolts to be detected with ease. Where a higher 
degree of sensitivity is necessary, it may be advisable to make 
use of a valve amplifier in the galvanometer circuit (particu- 
larly if a very much higher degree of sensitivity is required and 
small fractions of a microvolt have to be measured). In choos- 
ing a valve amplifier for this purpose, it is essential that the 
amplifier should not pick up stray magnetic fields and so give 
rise to false indications. The design of suitable amplifiers 
requires considerable care ; on account of their liability to be 
influenced by stray magnetic fields from transformers, resis- 
tance coupling, although not essential, is usually employed 
between stages, but as the galvanometer is of moderate impe- 
dance, it is almost essential to use a transformer in the output 
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stage, and often a transformer is necessary in the input stage 
in order "to match the impedance of the amplifier with the 
potentiometer circuit to some degree of equality. Unless these 
circuits are reasonably matched, there will be a great loss of 
efficiency in the amplifier. In comiexioii with the input trans- 
former, it is advisable to use a high permeability core (such as 
mumetal), because the voltages applied to the input side will 
be very small and the initial permeability of the iron in the 
input transformer should be as high as possible if these small 
currents are to be usefully transformed. A suitable circuit is 
shown in Fig. 58 and an illustration of the complete amplifier 
in Fig, 59. It is best for the whole unit to be self-contained 
with its own batteries as it is almost impossible to use a mains 
^ mains are at the same frequency as the measure- 
ment circuit for which the amplifier is being employed. It is 
quite possible to use a galvanometer with a rectifier after the 
last stage of the amplifier instead of the vibration galvanometer, 
but it should be remembered that in the a.e. potentiometer 
measurements, the presence of harmonics and any other stray 
frequencies will vitiate accuracy and, for this reason, for poten- 
tiometer work it is preferable to have a sharply tuned detector 
even at the output end of an amplifier. When work at higher 
frequencies is to he done, the tuning can be carried out in the 
amplifier circuit, in which ease there is no objection to the use 
of a rectifier instrument providing it does read zero with zero 
input, but if there are any harmonics present a clean balance 
will be unobtainable. One of the cliief difficulties in the use 
of an amplifier is the restriction that it imposes on earth capaci- 
tances and earth connexions in the galvanometer circuit. The 
whole circuit must be carefully considered from this point of 
view in order to see that the galvanometer circuit can be safely 
earthed on one side. If this cannot be done, then some form 
of isolating transformer, which allows and provides for sufficient 
earth screening, must be employed in the input stage of the 
amplifier. At frequencies above 200 cycles per second, a tele- 
phone is often the most convenient form of detector. The ear 
is able to distinguish the fundamental balance, should small 
harmonies he present. The sensitivity of the high-resistance 
telephone without amplification is usually such that about 100 
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microvolts can be readily detected. This depends, of course, 
npon the impedance of the telephones which should match the 
impedance of the circuit in which they act as nearly as possible. 
As low-resistance telephones cannot so readily be obtained as 
high-resistance ones, a matching transformer having a suitable 
ratio of transformation can be used. Eor balance work a high 
permeability core is required, but a very small core can be used 
since the energy to be transformed is minute. If, due to satura- 
tion of the transformer or the amplifier, the telephone does not 
indicate approximately the magnitude of the out-of-balance 
voltage, it is very diffi.cult to find the balance condition, because 
the note amplitude does not decrease as balance is approached. 
When a high gain amplifier is used with the detector, it is 
essential to provide a means of reducing the sensitivity very 
much in the preliminary stages of obtaining a balance. This 
must be done at the mput side by means of an attenuator or 
by cuttiug out the preliminary stages of the amplifier to make 
the response proportional to the out-of-balance voltage. 

Eor high-frequency measurements a heterodyne detector 
amplifier is usually employed. This includes an oscillator, 
oscUlating at such a frequency that a beat note is produced 
with the frequency at which the potentiometer is being worked. 
The resultant beat note is then amplified and taken to a pair 
of telephones. The circuit of such a detector amplifier is shown 
in Eig. 60 ; the actual instrument is similar in appearance to 
that illustrated in Fig. 59. It is important to keep the input 
impedance of the amplifier fairly low and to avoid stray induced 
potentials in this part of the circuit. This can be done by 
winding the “ m i x ing transformer in balanced toroidal form 
and using resistance coupling in the amplifier. (Coupling 
transformers axe apt to pick up stray magnetic fields.) The 
purpose of the “ mixing ’’ transformer is to superimpose the 
beat frequency upon the measuring frequency before amplifi- 
cation. The input transformer must be screened and the 
amplifier separately screened and arranged so that the output 
circuit can be at '' earth ” potential. In cases where one side 
of the circuit cannot be earthed, a differential transformer can 
be employed in the detector and potential circuit, as in Eig. 70, 
, -Ail; A*C. Standard Cell. — ^This device is similar in prin- 
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JbiQ, 61). — ^Uut-ot- balance amplifier for liigh-frequency supplies. 
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ciple to the differential thermal device adopted by Campbell 
to ensure the equality of the currents in the two parts of the 
CampbeU-Larsen potentiometer, as explained on page 69. 

In the a.e. standard cell two matched thermal converters, 
consisting of a number of MoU thermo-couples connected in 
series, with their active junctions arranged to be in thermal 
contact with an electrically insulated heating wire, are used to 
compare the heating effect of a direct and alternating current. 
The d.c. is passed through the heating wire, a standard resis- 
tance and a variable resistance. The current is adjusted so 
that the voltage drop across the standard resistance is equal 
to the e.m.f. of a standard cell. The a.c. is passed through a 
piYnilar circuit. The circuit is shown in Eig. 61. When the 
effective or r.m.s. value of the a.c. in the second thermo-couple 



Fig. 61. — ^Ana.c. standard ceil. 


is exactly equal to the d.c. in the first, the e.m.f.s induced in 
the thermo-couples are equal and in opposition and no current 
is passed through the galvanometer. 

Under this condition the voltage drop across the standard 
resistance in the a.c. circuit must be some exact proportion of 
the standard cell voltage, and it is usually arranged to be 
1*5 volts. 

In use the a.c, standard cell would replace the dynamometer 
mstrument, the potentiometer being standardized directly on 
a.c. instead of on d.c. as in the potentiometers described. At 
low supply frequencies ’this is not of great advantage, for the 
accuracy obtainable by the use of a dynamometer instrument 
is higher than that obtainable with a thermal converter and 
in addition the dynamometer serves the very useful purpose of 
showing immediately whether the potentiometer is off stan- 
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dardization. Thds latter point assumes considerable importance 
when measurements of high precision are being made. Thermal 
instruments are generally easily damaged by small overloads 
and are rather sluggish in action, so that their use is restricted 
to the higher frequencies where the dynamometer type becomes 
unsuitable owing to its high impedance and loss of accuracy 
due to eddy currents and self-capacitance in the windings. 
The dynamometer instrument is accurate up to 2,000 cycles 
per second. 
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Calibration oi Meters. — ^The calibration of an ammeter 
or a Toltmeter is a simple example of the use of the a.c. potentio- 
meter. For this purpose the process is almost identical with 
the d.c. calibration described in Chapter IV. It is essential 
that the instrument under test be supphed from the same source 
as the a.c. potentiometer, but a transformer, variable rheostat 
or choke may be interposed to control the current through the 
instruments. 


AC.SUPPLY 



Fig. 62 . — Circuit diagram for calibration of an ammeter. 


Fig. 62 shows the schematic arrangement of an ammeter 
under test. Having set up the circuits and correctly adjusted 
the potentiometer, the current through the ammeter should be 
adjusted to some definite indication of the pointer. The volt 
drop upon the standard resistance should then be measured 
and the correct current passing through the ammeter will then 
be given by I = e/r where r is the resistance value. It is usual 
to tabulate the results as shown in Table II in taking readings 
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The variation of position of the current vectors, with respect to the potentiometer, between 2*0 and 2*5 amperes read- 
ings, is due to the use of a different transformer in the ammeter supply circuit, but it does not affect the magnitude. 
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For the purpose of comparison, a dx« potentiometer calibration of the 
ammeter is given below together with the a.c. calibration. 

TABLE III. 


Ammeter 

Beading. 

D.C. Calibration. 

A.c. Calibration. 
(From Table II.) 

1 

0'997 

0-995 

2 

L997 

2-000 

3 

2-997 

2-995 

4 

4-000 

3-997 

5 

4-999 

4-999 


with current supply to the circuit under test reversed in order 
to ehminate induced e.m.f.s between the current and the 
potentiometer circuits. 

The above results were measured upon the co-ordinate type 
of potentiometer, but for this type of calibration the polar or 
Drysdale type of a.c. potentiometer is preferable, because the 
phase of the potentiometer can be orientated to agree with the 
volt drop upon the standard resistance. Thus no vector cal- 
culation will be required, beyond dividing the measured value 
of e by the value of r, hut the dynamometer must be sufficiently 
sensitive to give the desired accuracy. This necessitates a 
reflecting type instead of a pointer type of dynamometer. 

Where the co-ordinate type of potentiometer is used the 
volt drop on the non-mductive resistance by which the current 
is determined wiU be measured in two components in the form 
e = a +jb. The resultant value will be + 5^ so that this 
calculation is necessary in order to determine the current. The 
actual value of this current will be I == l/rVa^ + when r 
is the value of the resistance and a and h the inphase and 
quadrature components respectively. 

In the case of calibrating a voltmeter the circuit would be 
arranged as in Fig. 63. It is sometimes convenient to use a 
potential divider to supply the voltmeter in addition to the 
controlling rheostat. 

The voltage across the voltmeter terminals would be ad- 
justed by any convenient means and the volt drop upon the 
volt ratio box measured by means of the a.c. potentiometer. 
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In the case of the polar type of potentiometer the voltage 
will be read off directly when balanced because the phase of 
the potentiometer will agree with that of the volt drop. The 
actual voltage across the terminals of the voltmeter will be eN 
where N is the ratio of the volt ratio box and e the measured 
volt drop. 

In the case of the co-ordinate type of a.c. potentiometer the 
volt drop will be measured in two components e a + jb. 

The actual magnitude of the volt drop will be V so 

that the terminal voltage will be Nva^ + b^. 

It is important that the volt ratio box be connected exactly 

/i.c.suppLy 



Fig. 63. — Circuit diagram for calibration of a voltmeter. 


across the actual terminal points between which the calibration 
is required. The resistance of the volt ratio box should not be 
too high or the sensitivity of the galvanometer will be much 
reduc^. About 60 to 100 ohms per volt is a suitable figure 
for this type of measurement. 

It is usual to prepare a calibration table for the voltmeter 
calibration as shown in Table IV. 

Mechanical hysteresis in the instrument under test can be 
determined by taking measurements with the current increasing 
and then with the current decreasing, without allowing the 
pointer to overswing at each calibration point. When the 
rising and falhng calibration figures are plotted against scale 
reading, a loop will be formed giving the hysteresis of the 
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instrument. The pointer will take up a mean position in the 
loop when the instrument is gently tapped. This is usually 
taken as the calibration value. 

Calculation of Resultant Values. — It will be evident that 
for the simple calibration of voltmeters and ammeters the 
co-ordinate measurement necessitates a calculation for the 
determination of the measured quantity. When measurements 
are required of the highest order of accuracy of which the 
potentiometer is capable, it is necessary to use seven-figure 
logarithms or for preference a calculating machine to find the 
square root of the sum of the squares of the component parts 
of the measured voltage. "When a lesser accuracy is required 
this calculation can be performed easily by means of the stan- 
dard pattern slide rule. The procedure is as follows : 

If the measured voltage in the co-ordinate form c = a ^6 
is e = 1*253 -+-^0*427 the magnitude of e will be 

V'l-253* + 0-427*. 

Set 427 on the 0 scale to 1,253 on the D scale. Over the 
right index of the slider or B scale read upon A scale the value 
8*62. To this add 1 by sliding the index to 9*62 on A scale. 
Under 427 on C scale read 1*325 on D, This is the resultant 
value of the root of the sum of the two squares. 

This process consists of the following steps : 

Vector value e = a *+■ 

Magnitude e = + 6^ 

First settiag gives a/b on scales 0 and D 
Second 
Third 

Fourth 

Care must be taken in adding 1 in the third step. The correct 
position of the decimal point must be kept id mind. This is 
facilitated by dividiag always by the smaller of a or b. There 
is a special type of slide rule known as the Davis-Grinstead 
rule for making these and similar calculations with great facility. 

Sources of Error. — ^When measurements of the magnitude 
of a voltage are made on the co-ordmate type of potentiometer 


„ a^/b^ on scale A 

„ a^/b^ + 1 on scale A 

„ 6 V a^/b^ + i on Scale D. 



108 


POTENTIOMETER MEASUREMENTS 


two possible sources of error are introduped. The first is that 
the inphase and quadrature voltages of the potentiometer itself 
may not be in true quadrature due to impurities or induced 
e.m.f.s in the mutual inductance. The second is that the fre- 
quency of the supply voltage 
to both potentiometer and 
circuit under test may vary 
slightly from the value used 
when standardizing the poten- 
tiometer. 

If the angle of phase dif- 
ference 6 between the inphase 
and quadrature voltages of the 
potentiometer differs slightly 
from 90°, then the true value 
of any voltage e — a + jb will 
be e = a -f- 6 cos 0 -f sin 0, as can be seen from Pig. 64. The 

measured magnitude of the voltage will be Va^ + whilst 
the true value ‘will be Va® + 0^ -f 2ab cos 0; 

Then Vt® — = 2ab cos 0 

(Vt — V„)(Vt -t- Vto) = 2a0 cos 0 
and since V-j and V„ are nearly equal the percentage error 

100 (Vt - V„,)/Vt = 100 ab cos 0/V„® 

= 100 b/a cos 0/(1 + b^/a^). 

The error will have a maximum value when b/a = 1 or the 
vector voltage measured is at 45° to the co-ordinate system of 
the potentiometer. If the required order of accuracy of measure- 
ment is 1 part in 2,000 

100 b/a cos 0/1 -f 0®/ffl® = 0-05 
and when b/a = 1 cos 0 = 0-001 
and 0 = 89° 57'. 

That is, to measure a voltage to the highest order of accuracy 
of which the potentiometer is capable, the error in quadrature 
of the potentiometer itself must be less than 3 minutes of a 
degree under, the most unsuitable condition of measurement, 
that is with the voltage to be measured at 45° to the inphase 



hsinB 


Fig. 64. — ^Departoe of axes from true 
quadrature. 
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potentiometer voltage. This error vUl obviously be zero when 
either a or b is zero. If the error of quadrature is 1° (a large 
error) and 6 is 10 per cent, of a, the error will be only 0*01 per 
cent. 

If the frequency of the supply differs from the value at 
which the potentiometer is standardized, a proportionate correc- 
tion is necessary to both components of the measured voltage 
in the Larsen type of potentiometer, but to the quadrattzre 
component only in the Gall type. 

In practice when using the frequency of the grid-controlled 
mains for the supply (see Chapter XII) a variation of frequency 
of 0*2 per cent, may occur. Assume that this is higher than 
the specified value and that the magnitude of the voltage is 
required to 1 part in 2,000 as before. The correction factor to 
be applied to the quadrature component b of the measured 
voltage = a + jb is then 1*002. The corrected value of the 
measured voltage is therefore Vx == +jh002b. 


Then 






-f 1*00262 
+ 62 


== 1*0005 


from which b/a ^ 0*57. Hence if the quadrature component 
of the measured voltage is less than 57 per cent, of the inphase 
component, the error due to a frequency variation of 0*2 per 
cent, is less than 1 part in 2,000 in the calculation of the mag- 
nitude. 

Of the two sources of error discussed it will be seen that 
the former is likely to lead to the larger errors, for it is usually 
a simple matter to arrange that the quadrature component 
shall be less than 57 per cent, of the inphase component of the 
measured voltage by ensuring that the test circuit is not highly 
reactive. It will be observed that this condition was fulfilled 
in the experimental results tabulated on pages 103 and 106. 

It will be evident that both of these errors are avoided 
theoretically by the use of the polar type of a.c. potentiometer. 
A phase-shifting transformer is often used to supply the co-ordi- 
nate type of potentiometer so that the inphase potentiometer 
can be turned into any desired phase relationship vdth respect 
to the supply, in order to eliminate the quadrature component 
from the measurement when this is desirable, as in the cases 
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just considered, but the phase-shifter is also affected by fluctua- 
tion in precisely the same way, when supplied from a single- 
phase source. 

Fig. 65 shows the arrangement for supplying the co-ordinate 
a.e. potentiometer from a three-phase source through a phase- 
shifting transformer. This gives the advantage of both types 
of potentiometer, and is often the means of eliminating some 
tedious calculations when current voltage or flux only are being 
measured. Calculation is unavoidable when power is measured. 


CONTRQLUm rheostat ^ 



Fig. 65. — Supply to co-ordinate a.e. potentiometer from three-phase source. 


Practical Details of Current Measurements. — ^The cali- 
bration of ammeters in the way outlined above is usually a 
simple matter. The chief practical difficulties are encountered 
in obtaining the desired currents under sufficient control. To 
obtain high accuracy in the current measurement the standard 
non-inductive resistance inserted in series with the ammeter 
should be of such a value that the volt drop is about 1 volt for 
full-load current, that is, for calibrating a* 5-ampere meter a 
resistance of 0*2 ohm would be of a convenient value. This 
would give a volt drop of 0-1 volt at one-tenth of full load which 
is easily determinable to a precision of 1 miUivolt or to an 
accuracy of 1 per cent. The precision upon this basis would 
be 0*1 per cent, at full load. 

For current measurements at low frequencies the non- 
inductive requirements of the resistance standards are not very 
critical as long as the magnitude of current and not the phase 
is required. The magnitude error in the volt drop will be the 
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diJBference between the impedance and the resistance. This 
will be given by : 

AZ -Z — r 

where Z = Vr- + ^ 

where r is the resistance; L the inductance and co = 27t times 

the frequency. The value ~ is the time constant T 

so that AZ = r(Vl + o 2 T 2 _ i) 

if is small AZ = |ra>^T^. 

A time-constant of 10““® is very large for a non-inductive 
resistance of good manufacture so that at 50 cycles the impe- 
dance error of such a resistance would only be AZ = 5 x 10”®r 
or an error of 5 parts in a million of its resistance value. 

The phase error will be given by 

a>L 

m = tan”^ — 
r 

== tan”‘^a>T 

If — is small tan oT = ft>T = o? radians 

T 

(p == 57*3a)T degrees 

That is 9 ? == 0*18® in previous example. 

This would be a serious phase error in some kinds of measure- 
ments such as in calibrating a current transformer, and for 
such purposes the time-constant of the resistances should be 
of the order of 10“^. 

Kon-inductive shunts are made having large current-carry- 
ing values. Fig. 66 shows one for 1,000 amperes. This is oil- 
and water-cooled. The N.P.L. type of non-inductive shiint ^ 
shown in Fig. 67 is air-cooled, which makes it much more bulky 
for the same rating, but avoids the disadvantage of oil- and 
water- cooling. Further, the time-constant of the N.P.L. type 
can be adjusted to either side of zero, so that the non-inductive 
perfection is restricted only by the precision with which the 
phase angle can he measured* This type is not made above 
500 amperes. 

For very large values of altematiug current a special type 
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of transformer shunt ean be used. This consists of a current 
transformer with a non-inductive shunt in the secondary cir- 
cuit. The volt drop is measured upon the shunt exactly as 
in the case in which the whole current passes through the 
resistance. This type of shunt is more economical for ratings 
exceeding a few thousand amperes, and has the advantage 
of an isolated testing circuit, but it cannot be standardized 
upon d.c. 

In controlling the current through the circuit under test, 
the apparatus chosen depends upon the magnitude of the 
current. A weE-made step-down transformer with a few large 
current-carrying secondary turns is convenient, as it can effec- 
tively isolate the secondary circuit from capacitive or leakage 
effects associated with the higher voltage of the supply. The 
actual measuring circuit can be almost at earth potential. 

A conductance box in the current circuit is a much better 
controHing device than a resistance box. In a conductance box 
all the cods are in parallel so that the lai^er the current the 
more resistance coils there are to carry it. The same applies 
to the switches of a conductance box, which being in parallel 
have a much less variable contact effect in the circuit. 

Conductance boxes can be obtained for controlling circuits 
from a few milliamperes up to several hundred amperes. Eor 
example, for use upon a 2-volt supply a conductance box of 
sis dials of the values, 

10 X 50 mhos. 

10 X 10 

10 X 1 

10 X 0-1 
10 X 0*01 
10 X 0*001 „ 

would control currents from 2 mdliamperes up to 1,000 amperes 
in 2“iniIIiampere steps. The 10 x 50 mhos dial would most 
probably be a plug dial. The type of switch used for the other 
dials is shown in Fig. 68. 

To obtain a measurement of high precision it is necessary 
to leave both the test circuit and the potentiometer on circuit 
until a steady state has been reached. If this is not done, not 
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Fio. 68. — Conductance bos. 


only will the standardization of the potentiometer not be main- 
tained but the current required to produce a certain indication 
on the instrument under test may vary, by an amount which 
can be measured on the potentiometer. 

Voltage Measurements* — ^Low voltages to the value of 
1*8 in magnitude can be measured directly on the potentio- 
meter. Above this value a volt ratio box is used, exactly as 
iu the case of the d.c. potentiometer. It is important that the 
potentiometer be connected to the earth ” side of the circuit, 
the volt ratio box being connected to the voltage under test 
in such a way that this can be done. The resistance of most 
volt ratio boxes is subdivided so that the tapping for the low 
voltage is at one end of the resistance. This end must be made 
the '' earth ” side. In some circumstances, this cannot be 
done, as, for example, when both sides of the high-voltage 
circuit are at a higli potential above earth. A centre tapped 
volt ratio box may then be used. In some cases it is necessary 
to adjust the position of the potentiometer tappiag to the 
appropriate position in the volt ratio box to maintain this 
tapping sensibly at earth potential. This is best done by the 
use of separate resistors. 

When the potentiometer is connected to a high-voltage 
circuit, precautions must he taken to protect the user. This 
is usually done by carefully earthing the screen of the instru- 
ment and keeping it as far as possible from the high-voltage 
supply. If the circuits are properly arranged, there will be no 
high voltages on any of the terminals. If there are, there may 
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be serious danger of damaging tbe instrument when switching 
over, due to arcing across the selector switch, although this 
breaks between each position. Apart from these dangers, there 
win be capacitance and leakage currents in the potential cir- 
cuits if the potential of the circuit under test differs largely 
from that of the potentiometer. 

These currents will flow in the same direction along both 
potential leads to the potentiometer. Since the detector will 
be in one of the leads, this will detect their presence and the 
condition of balance will be a false one. This should be clear 
from Fig. 69. 

The potentiometer should be balancing the difference of 
potential between the point 
A and B due to the current 
flowing round the circuit, 
but since the points A and 
B are at a high potential 
above earth, capacitive cur- 
rents will flow into the 
potentiometer and to earth 
through its capacitance and 
insulation. These currents 
will be practically the same 
in both potential leads 
because of the relatively 

smau difference of potential 69.-Capacitmoe a^d leakage 

1 1 1 -r currents m potential leads. 

between A and B. The volt 

drop in the potential leads will be proportional to the im- 
pedance, and since the detector is normally in one lead only, 
there will be a volt drop on this which be indicated by 
the detector. It may be possible to balance this volt drop by 
some adjustment of the potentiometer, but this will give an 
entirely false condition of balance, as it will include the volt 
drop on the detector, as well as the volt drop it is desired to 
measure between A and B. This condition of tbe circuit 
frequently leads to conditions which cannot be balanced at all 
when the volt drop due to the capacitive current is larger than 
the potentiometer range. 

The detector, usually a vibration galvanometer, is generally 
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provided with, a shunt to control the deflexion in the pre- 
hminary stages of balancing, and it is sometimes noticed that 
the balance setting of the potentiometer varies according to 
the position of the shunt. This is due to the change in the 
volt drop with the change in the resistance. The shunt may 
also introduce stray potentials if it is inductive and a stray 
magnetic field is present. 

Whenever the former effect is present, the potentiometer 
readings are useless and the circuit must he modified to cure it. 
To test for its presence, disconnect alternately one side only of 
the supply to the potentiometer circuit and common the poten- 
tial leads at either A 
or B. If the detector 
shows any deflexion then 

' ) it must be due to capa- 

citive or leakage currents 
pot£ntiom£T£r of this uatiire. 

— I ^ — The best remedy is 

I to arrange one of the 

points A or B to be at 

1 ®ame potential as the 

1 3|S ! potentiometer. 

! I I 1 A method which is 

. saR»cE successfuUy em- 

^ ^ ^7^77yy/777777^7 7> 77 7 o>=e/^u^i> ployed by the author 

TT X* 1 * r. . in connexion with geo- 

Fia. 70. — Use of differential transformer m , . _ ® 

potential leads. physical measurements, 

where large potential dif- 
ferences are unayoidable, is to use a differential transformer 
in the potential leads, as shown in Fig, 70. 

The capacitive currents in the two potential leads balance 
each other since they are in the same direction, but the circu- 
lating current due to the volt drop between A and B is in 
opposite directions through the windings and so affects the 
detector in the balanced secondary circuit. The windings are 
screened and carefully balanced for impedance. 

For high-voltage measurements, capacitance potential divi- 
ders may be used instead of resistance potential dividers. It 
is easier to construct a high-voltage condenser than a high- 


DiFFiR£WfAL_ 


SURFACE 
- OF GRoam 


Fig. 70. — Use of differential transformer in 
potential leads. 
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voltage resistance potential divider, because of the capacitive 
effects in the resistance. These capacitive effects may com- 
pletely alter the potential distribution from what would be 
expected from the resistance ratio. To overcome this, potential 
dividers are sometimes constructed in a number of relatively 
small screened units in series.®^ The screen of each unit is con- 
nected to a second potential divider and raised to the appro- 
priate potential, so that it is at the mean potential of the unit 
it contains. In this way, the capacitive currents are limited 
and an even potential gradient along the divider is maintained. 

This elaborate construction is expensive and the capacitance 
divider, consisting of a high-voltage smaU-capacitanee con- 
denser in series with a large-capacitance low-voltage condenser 
on the “ earth ” side, is simpler. The potential leads are taken 
to the large condenser and should be screened to prevent elec- 
trostatic effects. The capacitance of these leads vtU be added 
to that of the condenser to which they are connected, and this 
may require consideration in the true ratio of the potential 
division between the high-voltage and low-voltage condenser. 
Furthermore, the insulation must be of a very high order and 
the losses small, or these will seriously affect the ratio. 

Potential transformers can be used as volt ratio boxes where 
it becomes necessary to isolate the apparatus from the supply. 
The normal 110-volt secondary winding can be connected to a 
volt ratio box of this range and the whole combination used 
in the same way as a simple volt ratio box. The ratio and 
phase-angle errors of the transformer itself can be corrected in 
the volt ratio box by modifying the ratio and by the intro- 
duction of reactance of the right value. 
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CHAPTER IX. 


USES OF THE A.C. POTENTIOMETER {continued). 


The Measurement of Power and Force.— The energy 
flowing in a circuit can be determined from the product of the 
current and the voltage. If these two quantities are in phase 
with each other, their product will give the power, but if the 
current and voltage are in quadrature with each other, the 
product will be the reactive volt-amperes. Both power and 
reactive volt-amperes are double frequency quantities of the 
dimensions of energy per second. The power derived in this 
way is the rate at which energy is being transformed into some 
other form, such as heat or mechanical work, and the reactive 
volt-amperes is the rate at which energy is stored in the field 
of the circuit in which the current and voltage exist. This 
property of the circuit of storing energy usually plays an impor- 
tant part in the behaviour of the apparatus with which it is 
associated. The mechanical forces appearing in electromag- 
netic or electrostatic apparatus are directly related to the 
change in the storage of energy in their circuits,^ so that measure- 
ments of this form of energy or reactive power are as important 
as the measurements of the power which is being dissipated or 
transformed into some other form. The energy which is stored 
in the electric field is available to do work if that field is changed, 
so that the measurement of the energy stored in, a magnetic 
field before and after some event at once gives the amount of 
work done by this change. The energy in any circuit will be 
given by integrating the instantaneous product of the current 
and volts, with respect to time, i.e., 


the 


energy w = 



The value of the voltage e in a circuit of inductance L wfll be 


c = L 


di 


dt 
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It foUows, therefore, that the energy in the circuit will be 


w 




i^L 

ov w = —— joules. 

JU 


This is the well-known relationship for the energy stored in 
an inductance. If i is the effective value of an a.c. the energy 
will be pulsating between zero and a maximum value of 
at double jfrequency since is double the frequency of i. The 

mean stored energy will, therefore, be joules. 


The effective value of the reactive voltage in quadrature 
with, and due to the current, will be e = so that it follows 

that the mean stored energy will be 


— i joules 

where e and i are the voltage and current in quadrature with 
each other. That is ei is the reactive volt-amperes of the 
circuit which can at once be converted into joules. 

In general, the work done in any electromagnetic device is 
given by the change in the reactive volt-amperes such that the 
force in grammes 


F =- 


d{ei) . 


10^ d(ei) 
ijcjg ‘ dl 


where is the rate of change of reactive volt-amperes with 


respect to position Z, g is the acceleration due to gravity equal 
to 981 cm. per second^ and / the frequency. 

By measuring the change in the reactive volt-amperes with 
change in position, the mechanical forces can be derived from 
the electrical measurements. 

If the current and voltage are measured at the terminals of 
an a.c. electromagnet at various positions of the armature, the 
reactive volt-amperes will vary according to the armature 
position. The force exerted upon the armature will depend 
upon the rate of change of the reactive volt-amperes with 
position. It is most convenient in actual measurement to keep 
either the voltage or the current at a constant value, unless the 
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actual workiiig condition of the electromagnet involves changes 
in both of these, due, for example, to Mne resistance or other 
impedances. If the current is I = tHi + jbi and the voltage is 
E =£*2 + jbi, measured at the magnet winding, the reactive 
volt-amperes will be Pj = aib^ — asjbi. This is dealt with more 
fully in Chapter XIII. This is a simple numerical value for 
any position of the magnet armature. If P^- is plotted in a 
curve against the measured position of the armature the pull 
of the magnet in grammes at any position will be given by the 

10 ’ 

slope of the curve, multiplied by 

Reduced to pounds the force is 

1-79 dP,- , 

F = — y- . pounds. 

/ dl ^ 

The force is pulsating at double frequency between zero and 
twice the mean value given by the above formulae. 

The same method of determining mechanical forces from 
purely electrical measTirements can be applied to many electro- 
magnetic devices such as pointer instruments or relays. The 
armature of the pointer must be held mechanically during the 
electrical measurement. In the case of the electromagnet, this 
can he done by fibre separators of various thicknesses placed 
between the pole pieces and the armature. 

The Measurement of Power. — ^To measure the power 
in a circuit by means of the a.c. potentiometer, the current 
and voltage must be measured in the way described in Chapter 
Vlli. If these two quantities are found to be I = Ox + jbi 
and E = aa -(- jb^ where a and b are the inphase and quadra- 
ture components respectively, the power will be given by 
P s=ax«a watts. (See Chapter XIII.) 

That is to say, by the sum of the products of the two com- 
ponents, which are in phase with each other. The current Oi 
is in phase with the voltage £*2 and the product is power. Simi- 
larly, the only voltage in phase with bi is 62 and the product 
is more power. 

The voltage 62 is ih quadrature with the current Ui so that 
the reactive volt-amperes represented by this product will be 
ajif In addition there will be the reactive volt-amperes due 
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to a^bi^ but the sign of this product will be reversed so that the 
total reactive volt-amperes will be 

Pj* 

These products cannot be derived from the algebraic multi- 
plication of the two single-frequency quantities and jb^ and 
^2 and jb^, because the product of two sine waves is a double 
frequency sine wave so that the operator j representing 90° in 
the single frequency represents 180° in the double frequency. 
It must be remembered that the vector notation is a purely 
symbolic method of representing phase relationships in single- 
frequency quantities. 

Example of a Power Measurement. — As an example of 
a power measurement, the calibration of a wattmeter can be 


Phase 

SHirrm 

tpahsformer 


Phase SPi/rrm Cjrcu/t 



ACSupplyxw be provided 

WITH MEANS FOR 
miNTAINfNO 
CO/fSTANT 
V0LTA5E) 


-Step-down transformer 

FOR SUPPLYm CURRENT 
ORCWT OF WATTMETER, 
rAHCE Sox. 

TO Potentiometer 


Potential EquAUS/m 

lead 

Fig. 71. — Circuit diagram for calibration of a wattmeter. 


considered.® When it is desired to calibrate a wattmeter on 
various power factors, some means of producing these must 
be available. The most convenient arrangement is to have 
a separate supply for the current and voltage circuits with 
a phase-shifter supplying the latter. Fig. 71 shows the 
scheme. 

The current circuit can be of very low voltage and the watts 
dissipated in the load will then be quite small. The current is 
measured by the volt drop in the standard resistance in the 
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current circuit and the voltage by the volt drop in the volt 
ratio box in the voltage circuit supplied by the phase-shifting 
transformer. An ammeter in the current circuit is convenient 
for providing a quick indication of approximate values and to 
prevent accidental overloading. 

Unity power factor can be found approximately by turniag 
the phase-shifter until no deflexion is indicated upon the watt- 
meter and then turning the phase-shifter through 90°. Other 
power factors can be estimated in the same way. Having 
adjusted the load current to a suitable value, such as - 5 ^ of the 
full load, and turned the phase- shifter to unity power factor, 
the current and voltage are measured and recorded as shown 
in Table V. 

The phase-shifter should then be turned to the zero power 
factor position and the wattmeter tested under this conation. 
This is usually a very severe test, and one for which the co- 
ordinate type of potentiometer is particularly suitable. In the 
polar type where the power must be derived from the product 
of the current and volts and the cosine of the angle between 
them, it will be obvious that, as the angle increases, the slightest 
error in the knowledge of the angle will result in a large error 
in the calculated power. Unfortunately, it is difficult to 
measure the angle very precisely with the polar type of poten- 
tiometer and an error of 0 * 2 ° near zero power factor wfll repre- 
sent the difference between 3*5 per cent, of full power and zero. 
It is because the co-ordinate potentiometer does not require to 
measure the angle for any calculation that it is superior to the 
polar type in power measurements, although less convenient 
(hut not less accurate) in current and voltage measixrements. 
It is, of course, essential that the two potentiometers are accur- 
ately at right-angles, but the means of standardization against 
the mutual inductance facilitates a very accurate settmg for 
this condition. The effect of an inclined co-ordinate system 
can be investigated as follows : 

If the 6 axis departs from true quadrature with respect 
to the a axis by a small angle such that the angle between 
the axes is 0 degrees, the true value of any vector will be 
(a + b cos 0 ) -f jb sm 0 instead of the apparent value a +jb 
Fig. 64). Thus in the calculation of power represented 
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TABLE Y. 


Calibeatio^ of a Wattmeter. 


Manufacturers 

Type . 

Scale . 


Weston Electrical Instrument Corporation. 
Dynamometer, 

0*5 amp. 150 volts 750 watts). 
Uniform — diagonally divided to 1 watt. 



Potendometer Readings. 

. . 

: 

1 

Watts. 


Instni- 



Dot 



ment 



Product ♦ 


1 

Reading, 

For Voltage. 

For Cnrrent. 

CoL (2) & 

Average 

I D.C. 




Col. (3) 

of CoL (4). 

Calibra- 




X 600. 


tion. 

(1) 

(2) 

(3) 

( 4 ) 

( 5 ) 

m 

100 

1-2189 + iO-2457 

0-1553 + /0-0447 

100-14 




1-2173 +i0-2460 

0*1555 4-/0-0447 

100-14 

100*1 

99-7 

200 

1-2133 + iO-2421 

0-3116 4-/0-0889 

199-80 




1-2126 4- iO-2417 

0-3121 4- /0-0888 

199-96 




1-2084 4-/0-2399 

0-3130 4- /0-0884 

199-72 

199*8 

199-7 

300 

1-1910 +i0-2430 

0-4700 4- /0-1678 





1-1784 + jO-2322 

0-4742 -f /0-1792 





1-1790 4- iO-2339 

0-4735 4-/0*1798 

300-15 

300-2 

300*3 

400 ; 

1-1547 -f iO-2231 i 

0-6491 4- /0-2262 i 

399-99 

■ ! 



1-1568 4- iO-2233 ; 

0-6478 4-/0*2258 ' 

399-90 




1-1925 4- iO-1536 

0-6571 4-/0-1067 | 

399-99 

400-0 

399-5 

500 

1-1784 +j0- 1475 

0-8305 4-/0*1410 | 

499-73 


i 


1-1782 + i0-1470 

0-8307 4-/0*1403 i 

499-68 




1-1775 +y0-1465 

0-8314 4- /0-1398 

499-73 

499-7 

500-1 


1-1542 4-/0-1659 

1-0116 + jO-1941 1 

599-89 




1-1535 4-/0*1652 

1-0118 +i0- 1938 I 

599-56 




M499 4- /0-1621 

1-0159 +yo-i9ii 1 

599-58 

599-6 

599-9 


! 1-3524 4-/0*2560 

0-9990 + /0-1860 ! 

699-37 




1-3521 4-/0*2582 

i 

0-9999 +J0-1858 | 

699-97 

699-7 

700-1 • 


* Dot or scalar product of (a + and (c jd) is oc -f M. 
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by two rectors measured upon a co-ordinate system not truly 
in quadrature, the true expression is 

P = (ai 4- cos 9 )(a^ + 62 cos 6 ) + sin ^0 
~ + 6162 + (0^2^! + <^162) cos 6 . 

The error introduced by neglecting this correction is 
(asjbi + C&162) cos 0 watts. 

This correction term is really two sine wares in phase with 
each other. It will be a maximum when the two rectors are 
both in phase and at 45° to the co-ordinate system of the 
potentiometer. When both of the rectors are at the a or 6 
axis respectirely, or alternatirely when the two rectors are 
equal and symmetrical about either axis the error will be zero. 
In the former case one of the components of each rector is 
zero, and in the latter case aj>i = — a^bz- 

In the calculation of the reactire rolt-amperes the true 
ralue will be 

P^. = (ai + 61 cos 6)62 sin S — {a^ -f cos 9 )bi sin 6 
— (^1^2 ^2^1) sin 0. 

Since sin 0 is nearly unity, it will be evident that the correc- 
tion to be applied is negligible. If the angle 0 dififers from 90° 
by 15" the calculated ralue differs from the true ralue by only 
1 part in 1,000,000, whilst an error in the quadrature of orer 
1|° would be necessary to produce an error of calculation of 
1 part in 2,000, and thus it may be said that the measurement 
of stored energy is unaffected by errors in the quadrature of 
the co-ordinate system and is always P^ — 0^162 — reactire 
volt-amperes. 

An error in the setting of the co-ordinate system would be 
just as serious in its effects upon the power measurements as 
an equal error in the knowledge of the phase angle in the polar 
type of measurement. This error is more easily- avoided with 
the co-ordinate system because the true quadrature between 
the axes can be very accurately maintained. The error in 
quadrature should not exceed a few minutes in a properly 
adjusted co-ordinate potentiometer. 

A further error may be introduced by the variations of 
frequency as mentioned in Chapter VIII. If the frequency ‘of 



USES OE THE A.C. POTENTIOMETER 


125 


the supply is 0-2 per cent, higher at the time of measurement 
than at the time of standardization of the potentiometer the 
true power ^viU he aiUj + (l- 002 ) 25 i 62 whilst the apparent 
measured power is aia^ + bj>t. If the permissible error due to 
this, cause is 1 part in 2,000 it can be shown by an argument 




h 


similar to that given in Chapter VIEE that — . — will be 0-125. 

dx ^2 

To reduce the error to a negligible quantity it is therefore 
necessary to arrange for one or both of the vectors to be along 
or very close to the a axis. 

The error in the measurement of stored energy in this case 
is the same as the error in the firequency and cannot be elimi- 
nated, for it is impossible to reduce the quadratme components 
to zero. 

It is of interest to note that in the tables of results of the 
wattmeter calibration given on page 123 the product — . — is 

Of I dz 

of the order of 0-06. In this case the possible error due to a 
frequency variation of 0-2 per cent, is less than 1 part in 2,000. 

In the calibration of an instrument of the type shown by 
the table on page 123 where mechanical errors are reduced to 
a negligible quantity, it is necessary to allow the instrument 
to attain a steady state by leaving it in circuit for about half 


Maniifacturers 
Type . 

Kange 
Seale . 


TABLE VI. 

Caxibrationt or a Wattmeter. 

. Weston Electrical Instrument Corporation. 
. Dynamometer. 

. . 0*5 amp. 150 volts (i.e., 750 watts). 

. Uniform — diagonally divided to 1 watt. 


iDSfcnmieiit 

Reading. 

(1) 

Potentiometer Readings. 

Watts. 

(4) 

Fch: Voltage. 

(2) 

For Coirent, 

(3) 

400 

1*2127 + iO-0497 

0*6566 + iO-1000 

400-61 


1-2106 + jO-0629 

0*6560 + i0*1069 

400*44 


M936 -f iO-1539 

0-6565 -f i0*1068 i 

400*02 


1 1*1925 4- i0*1536 

0-6571 + iO-1067 

399*99 


Time tfdcen to obtain above figures — approximately 15 mins. 
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an hour before taking any readings on the potentiometer, the 
latter having itself been in circuit for a still longer time. In 
the table given above, the wattmeter indication was adjusted 
to a scale marking and successive readings of current and 
voltage were taken over a period of 15-20 minutes. It will be 
noticed that although the indication of the instrument remained 
constant the power measured by the potentiometer steadily 
decreased. The variation is, of course, small but the figures 
serve to illustrate the necessity for allowing a state of equih- 
brium to be attained. 

Calibration of a Sine Meter. — The method of calibrating 
a sine meter is identical with that of a wattmeter. The sine 
meter should read reactive volt-amperes. The true reactive 
volt-amperes are found from the measured vector values of 
current and voltage in the same way as the power is found 
except that the reactive volt-amperes or El sin <p is given by 
Vj = aj )2 — aj)i as explained above. 

The Power Factor. — ^The power factor at which the watt- 
meter or sine meter is being tested can at once be derived from 
the ratio of the reactive volt-amperes to the power. That is 
if the current and voltage are displaced by the angle (p 

tan 93 = Pj/P 



GOS<p = - 


NOTES AND BIBLIOGRAPHY, 
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* CoNOTiiY, D. : “ Precision Measurements with an A.C. Potentiometer,” 
J. Eoycd TeehnwE CoUege, 1937, pp. 159-72. 



CHAPTER X. 


USES OF THE A.C. POTENTIOMETER [cmtinued). 

The Measurement of Iron Losses. — The measurement of 
the magnetizing losses in iron can be carried out very easily by 
means of the a.e. potentiometer, and in America this instrument 
is specified for this purpose.^ The usual method of testing is 
to measure the exciting current by the voltage drop in a non- 
inductive resistor in series with the primary circuit, and the 
induced secondary voltage upon a suitable search coil wound 
upon the iron sample. As long as the magnetization of the 
iron is occurring over a reasonably straight portion of the BH 
curve, the induced secondary voltage with a sine wave of excit- 
ing current and vice versa will be reasonably free from har- 
monies, and a fairly accurate balance can be obtained in the 
measurement of current and voltage by means of the a.c. 
potentiometer. The very selective nature of the vibration 
galvanometer used for balancing rejects the harmonics which 
are not balanced so that the balance of the fimdamental is 
obtained with sufficient precision for most iron-testing purposes. 
If the induced voltage is of the order of 1 volt, then a balance 
to the nearest millivolt can usually be obtained, which is per- 
fectly satisfactory for a great number of tests. When it is 
necessary to make measurements at high flux densities, the 
harmonics introduced into the induced voltage or exciting 
current, according to whether sine voltage or sine current is 
used, become so large that they form an appreciable part of 
the whole voltage measured. In this case special methods of 
flux measurement are required ; this matter wfll be dealt with 
in further detail in a later section. 

From the measurement of exciting current and induced 
voltage it is possible to calculate the power loss in the iron due 
to hysteresis and eddy currents, the energy stored, which is 
as characteristic of the quality of the iron as the power loss, 
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and the permeability, aU under the condition of a.c. eseitation 
which is the normal condition in the iron circuits. 

A ring sample of uniform section of the material is prefer- 
able, and upon this, a winding of fine wire uniformly spaced 
close to the surface should be wound but not exercising any 
mechanical constraint on the iron. This is to form the secon- 
dary winding. The turns should be chosen to suit the maximum 
flux density to which the sample is to be subjected. For 
example, if the cross-sectional area is 5 sq. cm. and a flux 
density of 10,000 lines per sq. cm. is to be measured, the total 
flux will be 50,000 lines. The maximum voltage should not 
exceed say 1-60 volts, thus the number of turns derived from 
the weU-toown relationship E = x 10~® volts will 

at 50 cycles give a value of Na not more than 13-5 turns, say 
12 turns. Over this winding the exciting primary turns should 
be wound of sufficient section to carry the desired exciting 
current. If a value of H' equal to say 3 oersteds is required 
and the mean length I of the ring is 30 cm. 

_ 471 INi 

xl — ‘^rrr* 

10 I 


That is 


3 - 


l-256rN'i 

I 


If I is not to exceed say 1 ampere r.m.s. value 
3 X 30 




1*256 


= say 70 turns. 


No. 


17 Copper would be a suitable size of wire for this 

excitiug winding. A non- 
inductive resistor of say 
1 ohm should be connected 
in series with the exciting 
wtuding, and this circuit 
supplied through a series 
resistor or conductance 
box, or variable choke 
from the same source of 
supply as the a.c. poten- 
tiometer. Current would 



Fig. 72. — ^Iron. testing by means of the 
a.c. potentiometer. 


then be passed through the exciting winding and the volt drop 
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on the resistance and the induced voltage in the secondary 
■winding measured by means of the a.c. potentiometer. Pig. 72 
shows the circuit. Calling the exciting current lo — Uo -j- Jbi, 
and the secondary induced voltage Ej = Uj + Jd^, the power 
loss in the circuit "will at once be given by 

Po = (UoUj + watts. 

-iNj 

The value of flux density can be determined ’from and 
will be 


B' = 

Substituting values gives 




. 10^ gauss. 


The value of Po can be plotted against the corresponding 
value of B' in the usual way. 

Eig. 73 shows the value of the power loss in a sample of 
iron stampings determined in this way. 

When the iron is magnetized, energy is stored in the mag- 
netic field, so that the total energy of magnetization consists 



— o— ffatts measured by indicating dynamometer wattmeter. 

— D— Waits measured by co-ordinate A.C. potentiometer from 
’Pundamentai components. 

Fig. 73. — Chirve showing the power loss in a sample of iron. 
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of the part transformed into heat, or the power loss and the 
other part stored in the magnetic field. These two components 
can be expressed symbolically as real power and imaginary 
power exactly analogous to the symbolic representation of the 
real and imaginary components of the complex quantity repre- 
senting current or voltage. 

The energy stored in the magnetic field will be given by 




— ao62)^ reactive volt-amperes. 

-IN2 


This can be converted into joules by dividing by 45i/, as 
already shown, so that the energy stored in joules will be 


Ws = (aa&o — 




47r/Nj 


joules. 


This quantity is just as characteristic of the iron as the 
power loss, and can be related to the permeability, because the 
energy stored depends upon the flux, the current and the turns, 
the relation between which is also expressed by the permeability 
of the iron. 

Complex Permeability.^-®— The permeability of the iron 
when excited by alternating current caimot be expressed by 
a single numerical quantity because the fundamental sinusoidal 
component of the flux is not in phase with the current which 
produces it. In order to express this phase displacement 
between magnetizing force and the resulting induction, it is 
necessary for permeability to become a complex quantity of 
the form fi, = a jb. The flux B produced by a magnetizing 
force H then becomes B = 

= (a-}-i6)H. 

This can be shown in the followdng manner : 


Let B' = maximum value of flux density 
H' = maxunum magnetizing force 
S cross-section of the iron in sq. cm. 
/—frequency 

length of magnetic circuit in cms. 
Ni = exciting turns 
Nj — secondary turns 
lo = exciting current = «„ -f 
EjS induced secondary voltage -f-ybs. 
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TEen 

and 

from wEich 


' _ jE, 


B 


H' 


= 


V-i^fKS 


10 * 


-v/2 t-rXi 


lOZ 


B' 

H' 


■f Q 

lOZ 


10*7— 

8.T*SA\Ni •'lo 


SuEstitntmg tEe measured values of Ej and Ip and puttmg 
lOZ 


8;r*S/NiNs 

F 


= K 


ri®! TT — -T 3^t 


Ip flo +jZZ'o 


TT r*^' 2^ 0 

= a +jL 




Moa. 


h 2 


+ bobn 

+ b,^ J 


It will be seen that the two components a and b of the 
complex permeability are proportional to the stored energy and 
the power loss in the sample. The component a gives the 
energy storing property of the iron while the component b 
represents the energy absorbing (ie., transforming to heat) 
property of the iron. 

That is, a = KP^/Io^ 

and b = KPo/Io^. 


The ratio of 6 to a gives the tangent of the phase angle 
between the exciting current and the flux it produces. 

When a sine wave of current is used to excite a sample of 
iron under test, the magnetizing force H will be sinusoidal, but 
the resulting value of flux will be non-sinusoidal, or wUl contain 
harmonics if the relation between B and H is non-linear. This 
relationship is given by the hysteresis loop for the sample. 

The a.c. potentiometer measures only the sinusoidal com- 
ponents of fundamental frequency and ignores the harmonics, 
so that in measuriiag the induced voltage only that part 
which is proportional to the rate of change of the fundamental 
sinusoidal component of the flux is measured. 

If the magnetizing current is a sine wave, the power loss in 
the iron measured by the a.c. potentiometer will be correct 
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becaiise the harmonics in the indnced voltage when multiplied 
hy the current, produce an average value which is zero. That 
is, the power is given by the product of the quantities of the 
same frequencies only. The product of quantities of different 
frequencies gives a periodic function, the average value of which 
is zero. 

Losses in the iron due to harmonic frequency components 
of the flux are compensated by an equivalent increase in the 
power loss at the fundamental frequency. That this is experi- 
mentally true is shown by Pig. 73, which shows the comparison 
of power measured by the wattmeter and by the a.c. potentio- 
meter. 

The energy loss during the cycle of magnetization is given 
by the area of the hysteresis loop plus the eddy current loss. 
The eddy current loss will be proportional to the square of the 
flux and therefore follows another loop which is proportional to 
the square of the actual flux cycle loop. It can be replaced 
for practical purposes by an ellipse, the area of which is equal 
to the eddy current energy loss per cycle. 

When the total iron loss is measured by means of the a.c. 
potentiometer the two components of the complex permeability 
define an ellipse whose area is the area of the hysteresis loop 
plus the equivalent eddy current ellipse. This is the loss ellipse 
of the iron. The actual co-ordinates of the loss ellipse may 
be expressed in volts and amperes or in B and H, in which case 
the units are the same as in the usual hysteresis loop. The 
energy is then given by 



B'H' 


4ji: 


B'H' 

or 

‘kt 

or 

B'H' 



ergs per cycle 
./ ergs per second 
watts. 


The equation to the ellipse will he given by 


B = aH ± bVW^ - 

where B is the value on the ellipse corresponding to the value 
of H, a and h the coefficients of the complex permeability 
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measured as described above, and is the value of maximum 
magnetizing force given by the same measurements. 

There is therefore a separate ellipse corresponding to every 
value of to which the sample is subjected. Each point of 
the curve in Fig. 73 represents the area of one of these ellipses 
corresponding to the par- 
ticular value of B'. It ■ i 

is seldom necessary to 20 ^ 70 ^ 

make an actual plot of 

the ellipses, since the y 

watt-loss curve is more 

relevant, but its signifi- 

cance should be under- 'W 

stood. 

Although the funda- | | 

mental component of the “ ¥ 

flux is displaced in phase ^ 

with respect to the cur- ’ 

rent producing it, and j 

has its maximum some 4 

time after the magnetiz- I 

ing force, the actual 

maximum value of the c^I 

flux must coincide with /s&vc AMPfRis ifi fxctvNQ 

the maximum value of SaW^ic carve, 

the magnetizing force. -^ 3 — pkHed from co-ordinate A.Cpoten- 
The true maximum value twmeter readmes o.e. fundamentai component 

is the point of the , . „ . 
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— o— Curve plotted from co-ordinate A.C,poten- 
tiometer readings (re. fundamentai component 
only!} 

—X — Curve pJotted from true peak readings of 
current, as determined ty co-ordinate AX, 
potentiometer with harmonic analyser. 


hysteresis loop and not current, as determine iy co-ordinate AX. 

the Tna-inTmiTn value of potentiometer with harmonic analyser. 

the sinusoidal ellipse. 74^ — ^Magnetization curves for a sample 

The value of B^ given tron. 

by the a.c. potentiometer 

measurement is therefore not the true maximum value but 
will be invariably greater at the higher inductions than the 
value corresponding to the hysteresis loop obtained by d.c. 
tests for the same value of maximum magnetizing force. 

The true maximum value of B' can be obtained by the use 
of an a.c. and d.c. potentiometer and the harmonic analyser 
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(see page 139). WEen this is done the values of B' correspond- 
ing with H wiE follow the same curve as is obtained by means 
of the d.c. test. These points are shown in Fig. 74. 

The equivalent ellipse is higher than the true loop although 
the area is the same. This is shown for one value of induction 
in Fig. 75. 



It should be clearly understood that the flux in the iron 
does not actually follow the ellipse, but conforms much more 
closely to the hysteresis loop, traversing this each cycle. The 
eflipse is what is imphed by the measurements made with a.c., 
and is the only interpretation which can be put upon such 
measurements at one frequency. 

It will be obvious therefore from Fig. 75 that the a.c. measure- 
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ments of flux and magnetizing force give a representation which 
is very different from the actual state of affairs although this 
representation can be used with confidence in predetermining 
magnetic effects in iron. It must never be forgotten that like 
most other mathematical representations of physical problems, 
it is only a convenient symbolism to express experimental 
results. 

For most design purposes the a.c. potentiometer values are 
more convenient than the true hysteresis loop derived from 
step by step d.c. measurements, because they give the actual 
behaviour of the iron under conditions of a.c. excitation. For 
transformer design and the comparison of specimens the a.c. 
values are certainly the more convenient. 

The departure between the loop and the ellipse is greater 
the higher the induction. As in the case of the power, the 
harmonics do not contribute to the mean stored energy or 
reactive volt-amperes if either the exciting current or the flux 
is a sine wave, and the value given by the a.c. potentiometer 
measurement is correct. The harmonics give values oscillating 
about zero so that the instantaneous value of the stored energy 
does contain the harmonics, just as the instantaneous power 
does. Both consist of sine waves of double the frequency of 
the voltage or current, rising and falling from zero to a maxi- 
mum, the harmonics being oscillations of higher frequency 
superimposed, but symmetrical about the zero, and therefore 
not affecting the mean value. 

If the iron is excited by a sine wave of voltage, the flux will 
be very nearly a sine wave. In this case exactly the same 
methods of test apply and the above reasoning applies equally 
weU. The induced voltage will now be a sine wave and the 
exciting current, and therefore the magnetizing force, will be 
distorted. 

In testing iron samples, methods are usually employed to 
produce either a sine wave of current or alternatively a sine 
wave of flux. A large series resistance or impedance in the 
exciting circuit gives an exciting current of sensibly the same 
wave form as the supply voltage. With a very low impedance 
in series with the exciting circuit, the voltage approximates 
very closely to the supply voltage. If this is sinusoidal, the 
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flux which, is the integral function of the reactive voltage -will 
also be sinusoidal, since the integral of a sine -wave is a cosine 
wave. 

Testing with a sine wave of voltage is now generally pre- 
ferred because it corresponds more nearly with operating con- 
ditions. There are, however, practical difficulties in reducing 
the circuit impedance sufficiently to maintain a sine voltage 
at high excitations. 

When both current and voltage are non-sinusoidal, the 
power and stored energy are products of the harmonics as well 
as of the fundamentals. When the harmonics are large in both 
the current and the voltage, the simple a.c. potentiometer wiU 
not measure the power loss or the stored energy. 

The presence of harmonics in a voltage wave makes it diffi- 
cult to measure by means of the a.c. potentiometer, because 
the potentiometer can only balance out the fundamental fre- 
quency, leaving a free voltage equal to the sum of all the har- 
monics, acting in the galvanometer circuit. In practice, their 
effect makes it impossible to get a clean balance or sharp image 
of the vibration galvanometer spot. Unless the harmonics are 
very strong a fairly good mmimum balance for the fundamental 
can be obtained, and the galvanometer spot usually exhibits 
a curious kind of double or multiple image which moves from 
side to side and re-forms into different figures as the balance 
point, or minimum balance of the potentiometer, is varied. If 
this complex image of the galvanometer is analysed by a rota- 
ting mirror, it will be found that the spot is vibrating in a forced 
complex wave corresponding in some degree to the harmonics, 
but conditioned by the natural period of the suspension vibrating 
in various modes. The multiple image will be much reduced 
in the case of an efficient moving-cofl, type of vibration gal- 
vanometer by heavily shunting the coil by a resistance, but 
this will, of course, reduce the sensitivity corresponding to the 
fundamental' balance. In many oases, however there is a 
decided gain in the precision with which the mmimum balance 
point can be determined, by using a shunt. 

Measurements on Circuits containing Harmonics. — 
It has been pointed out already that the a.c. potentiometer 
is essentially an instrument which measures the fundamental 
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component of the frequency at which the test circuit and the 
potentiometer are excited. The presence of harmonics in either 
of these circuits leads to difficulties, both in obtaining a precise 
balance and in the interpretation of results, so that for general 
purposes it is advisable to use a source of supply which is 
extremely pure and free from harmonics. In the case of iron 
testing this becomes impossible, because if a sample of iron is 
excited with a sine wave of a.c. the flux induced in the iron 
will not be sinusoidal owing to the curvature of the relation- 
ship between the induction and the magnetizing force. The 
e.m.f. induced in the winding is proportional to the rate of 
change of the flux, and because the flux is non-sinusoidal the 
rate of change will be non-sinusoidal. Since the flux in the 
iron is determined from the voltage induced in a secondary 
winding, and this secondary voltage will be non-sinusoidal if 
the iron is excited with a sine wave of current, it is essential 
to have some means of measuring this non-sinusoidal voltage 
in order to determine the magnetic properties of the iron. At 
high values of flux density the harmonics introduced into the 
secondary voltage become so large that they form an appre- 
ciable part of the whole flux, so that a flux value derived from 
the fundamental component alone would be seriously different 
from the total flux acting in the iron. 

To determine the properties of the iron with greater accu- 
racy, it is therefore necessary to adopt some method by means 
of which the induced voltage wave-form may be resolved into 
its component frequencies. For this purpose a synchronous 
contact-maker is used, operating in the galvanometer circuit of 
the potentiometer.^ 

This contact-maker is operated by a synchronous motor 
driven from the same source of a.c. supply that is used for 
exciting the iron. The synchronous motor should be arranged 
to operate a contact, the phase and duration of which can be 
adjusted. It is further necessary that the contact-maker should 
be of such a form that the number of contacts per cycle of the 
synchronous motor can be any integral value, so that three, 
five or seven contacts per cycle can be made, the duration of 
which can be varied and the phase of which can also be altered 
with respect to the supply. By means of this device any com- 
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plex a.c. wave can be analysed. The method of procedure is 
as follows : the synchronous contact-maker is introduced in 
series with the galvanometer used in conjunction with the 
potentiometer. It is well known that the contour of an a.c. 
wave can he copied by means of a single contact-maker, the 
phase of which can be successively moved so that a measure- 
ment of the instantaneous value of the wave can be made at 
successive points along each cycle. This is the Joubert con- 
tact-maker,® and the simple circuit using a d.c. potentiometer 
as a means of balancing the instantaneous value is shown in 
Fig. 76. With the Joubert contact-maker only one contact is 
made per cycle. If now the number of contacts is increased 
to three per cycle, the contacts being spaced 120 electrical 
degrees apart, it is easy to show that the average value of the 



Fig. 76. — ^Wave-form analysis by the Joubert contact-maker. 

three ordinates of any wave will be zero except those having 
a period corresponding to the number of contacts per cycle or 
multiples therof. For example, if three contacts are made on 
the fundamental frequency, the mean value of the three ordi- 
nates equally spaced throughout the cycle wiU be zero, no 
matter at what phase they occur, but so far as the third har- 
monic is concerned the three contacts would always occur at 
the same point in the wave and the voltage at that instant 
will be the amplitude of the third harmonic at that instant and 
this can, therefore, he measured upon the d,c. potentiometer 
in exactly the same way as with the simple Joubert contact- 
maker, The same applies to whatever number of contacts per 
cycle are used, so that the higher harmonics can be analysed 
by this multiple contact up to the limit when the accuracy of 
contacting fails. The upper limit is usually about the eleventh 
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or thirteentli harmonic on a 50-cycIe supply, at which the 
equality of the contact becomes insufiSciently exact to give the 
mean reading. Harmonics which are multiples of the number 
of contacts can be eliminated by varying the duration of the 
contact time.®-'^ 

Eor examination of the harmonies in the iron-testing circuit 
the S 3 mchronous contact together with the d.c. potentiometer 
are put in series with the a.c. potentiometer and galvanometer 
as shown in Fig. 77, The fundamental component of the a.c. 
voltage is balanced as nearly as possible by means of the a.c, 
potentiometer in the normal way with the S 3 mchronous contact- 
maker short-circuited. Having obtained the a.c. balance in 



'Fig. 77. — ^Use of a.c. and d.c. potentiometers in harmonic analysis. 

this way, the synchronous contact-maker is then started and 
with the contact-maker making three contacts per cycle the 
third harmonic is balanced out by means of the d.c. potentio- 
meter and the contour of the harmonic plotted by altering the 
phase of the contact in exactly the same way as when using 
a Jouhert contact-maker. The process is repeated for the 
successive harmonics. In practice it is only necessary to find 
the zero point and the maximum amplitude of the harmonic 
and there is no need to plot successive points. These two points 
are found very readily by setting the d.c. potentiometer to zero 
and turning the phase of the contact-maker until the d.c. gal- 
vanometer is balanced. By turning the phase once more to 
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the appropriate phase angle corresponding to the quarter period 
of the harmonic under investigation and adjusting the d.c. 
potentiometer to balance, the magnitude at its greatest height 
is measured. This contact-maker is of the greatest utility in 
iron testing as it is suitable for a number of uses apart from 
those just described. By arranging for the contact to close 
for a half-cycle only the device then acts as a half-wave rectifier 
and is one of the most convenient means of determining the 
maximum flux in an iron circuit and can be used in a similar 
way for the determination of incremental permeability ® when 
alternating and direct fluxes are superimposed in the iron. 
When used as a rectifier, the duration of the contact time must 
be set to correspond to the half-period of the cycle and the 
phase adjusted so that the contact is closed throughout the 
positive half of the wave. If, now, the voltage is measured 
upon the d.c. potentionieter under these conditions by balancing 
the rectified voltage, the potentiometer will give an average 
value of the voltage throughout that period, irrespective of the 
wave-form. Since the induced voltage e is proportional to 

it is obvious that the integral of edt is proportional to the 

integral of The integral of edt between the limits of 0 and 
n/2 will be the average value of the secondary voltage. It is 
clear, therefore, that the average value of the secondary voltage 
is a direct measurement of the total flux. In this way the 
synchronous rectifier in conjunction with the d.c. potentio- 
meter affords one of the simplest methods of measuring flux in 
an a.c. circuit. If the flux cycle is unsymmetrical, as in the 
case of superimposed d.c., then it is only necessary to alter the 
duration of the contact to agree with the unequal portions of 
the wave. This condition can be found experimentally by 
successive adjustments of the contact time. The two unequal 
half-cycles can then be measured independently by altering the 
phase and duration of the contact appropriately, and in this 
way, the flux for each unequal half-cycle can be determined. 

In practice when using the synchronous contact-maker for 
flux measurements, it is useful to have a mutual inductance in 
the primary circuit as a convenient means of calibration. The 
flux corresponding to the mutual inductance will by definition 
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be equal to 99 ^ ^ where M is the mutual iuductance in henries, 

i the primary current in amperes and N the number of turns 
in the secondary funding. It is therefore possible to get a 
direct reading of a known flux upon the d.c, potentiometer 
using the synchronous rectifier, for comparison with the iron 
flux. 

The d.c. potentiometer shown in Fig. 77 is sometimes re- 
placed by a moving-coil d.c. voltmeter. This instrument will 
indicate the average secondary voltage in the rectified circuit, 
but it must be used with caution. It will not give the same 
reading as the potentiometer even when it has a high resistance. 
The reason is easy to see if the current in the circuit is con- 


Half Rectified Waves 

/ / 




AVERAGE VALUE FOfi 
- WmiE PERIOD 


HALF WAVE Rectified 

A.CCURRERT 
/ 


CURRENT FROM 
^ DC PorERT/OMETER 


RESULTANT CURRENT 
WROUGM galvanometer 

Fig. 78. — Currents in eireuit of Fig. 77, using (a) voltmeter, 
(^)) d.c. potentiometer. 


sidered ; a moving-coil voltmeter is really a milliammeter and 
its indication will be the average value of the current flowing 
due to the secondary voltage rectified by the half-wave syn- 
chronous contact-maker. This current will consist of a series 
of half-period waves, which the moving coil will integrate as 
indicated in Fig. 78, iategrating over the whole cycle. So long 
as the power taken is negligible compared with the exciting 
power, the voltmeter used in this way will give a value of about 
half the average voltage as a measure of the flux, because only 
half the wave is rectified. 

When the potentiometer is used, the galvanometer, which 
is also a moving-coil instrument, is called upon to balance the 
current sent round the circuit by the potentiometer against the 
current sent round by the rectified half-wave of the a.c. secon- 
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dary voltage. Both, voltages are acting in the same circuit and 
the impedance for both will be very nearly the same in most 
cases. The galvanometer will appear balanced when the aver- 
age current through it is zero. This will occur when the average 
value of the current from the potentiometer is equal to the 
average current from the rectified a.c. voltage.. This condition 
is indicated in the lower part of Pig. 78. There will be a current 
through the galvanometer when it reads zero, of zero average 
value. The potentiometer reading will be equal to the average 
value of the voltage, not half the value as in the case of the 
voltmeter, because the circuit of the potentiometer is only active 
during the time the contact is closed. The galvanometer should 
be one of reasonably long period, not affected by the triple 
frequency current passing in its coils, in order that it may give 
steady readings. This case is interesting because it is a poten- 
tiometer method of considerable practical importance, in which 
the solution of the conditions of balance must be dealt with in 
terms of the pulses of current flowing under the two voltages 
acting, in order to understand what takes place. The potentio- 
meter gives the average value of the rectified pulse while the 
voltmeter integrates the whole rectified cycle, and therefore 
gives a lower value which needs careful interpretation. It is 
interesting to note that if the resistance of the voltmeter is 
increased to infinity, the voltmeter and potentiometer will read 
the same, because there is no loss of current when the rectifier 
contact is open. This is approximately the case with a valve 
voltmeter, but the valve voltmeter is not an integrating instru- 
ment but more nearly a peak instrument, so that its use for 
this purpose needs careful qualification. 

Predetermination of the Ratio and Phase Errors of 
Current Transformers. — ^The errors of current transformers 
can be easily computed from measurements made upon the 
iron core at flux densities corresponding to various loads. 

Since the errors are due to the energy loss and the storage 
of energy in the iron circuit, the measurements necessary for 
the determination of these quantities are sufficient also for the 
predetermination of the current transformer ratio and phase 
angle errors. 

In practice it may be necessary to wind a special coil upon 
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the core for test purposes, taking care not to constrain the 
iron ; or alternatively the main mading can be used if suitable 
shnnts are available for measuring the exciting current. It is 
only necessary to measure the exciting current required to 
produce the various flux densities in the core and the corre- 
spondiug induced voltage. Suppose the secondary to have 100 
turns and the ammeter which is to be used with this winding 
to require 0*5 volt at full load of 5 amperes. A temporary 
winding of, say, 50 turns might be wound upon the iron core 
and used for exciting purposes, this winding being fed from 
the supply through a suitable controlling rheostat as shown in 
Eig. 72 and a non-inductive resistance of say 0*1 ohm inserted 
in series upon which the volt drop, and therefore the current, 
could be measured by means of the a.c. potentiometer. At 
the same time the voltage induced in the open-circuited secon- 
dary winding should be measured. Calling these two values 
lo and Ea respectively, the power loss and reactive volt-amperes 
win be given by 

P = R(aoU 2 + watts 

and Pj = R(aob 2 — reactive volt-amperes. 

The term R is the turns ratio necessary to reduce the induced 
voltage Es to the same scale as the exciting current lo. 

If Ii is the primary current, I^ the secondary current and 
lo the exciting current, measured on the secondary side, the 
total primary current 

I, == Rio -h RI, 

where E is the turns ratio or Ng/Ni since I^ will be larger 
than Is 



On non-inductive secondary load it is also easy to show ® 
that the above relationship can be separated into the ratio 
error and the phase angle error since Is = Ps/Es and the excit- 
ing current in phase with the load current will be RPo/Es 

I, == R{Ps/Es + Po/Es). 

I1/I2 = R (1 + Po/Pi). 

P 

That is the ratio error = R . 
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wliere R is the turns ratio and Pg the power taken by the 
secondary load and Po the iron loss at that particular power 
output (as measured on the secondary side). Similarly the 
phase angle error will be given by the component of exciting 
current in quadrature with the load current. This is RP^*/E 2 . 
The phase difference produced by this will be 

tan f = ^ 

E 2 

where P^- is the reactive volt«amperes of excitation (or stored 
energy). That is, the smaller the exciting power and reactive 
volt-amperes in relation to the load power, the more perfect 
the transformer. 

This method of determining the ratio and phase errors of 
current transformers is capable of a very high degree of pre- 
cision. It is interesting to note that the energy loss trans- 
formed into heat governs the ratio difference, and the storage 
of energy or reactive volt-amperes governs the phase difference 
between input and output. This is true of any network. 

From the actual vector measurements of lo and Eg 

when U r= ao + jbo 

and Ea = ^2 + jbz 

the current ratio factor Kq at any secondary loading of the 
transformer Pg watts will be 

T7- 1 \ + ^^0^2 

Kc=jf-(^l + 

where Na and Ni are the secondary and primary turns respec- 
tively used in the measurement of lo and Eg. (That is lo is 
measured on the Na side and Ea on the Ni side.) These need 
not be the actual windings used on load so long as the value 
of Ea is that appropriate to the flux density which would be 
acting in the core for the load P^, but the value of Pa must 
include the power loss in the secondary winding. More strictly, 
the leakage reactance and effective resistance of the secondary 
circuit should be included in the load, but the leakage reactance 
of a good current transformer wound toroidally on a closed 
(X)re is very small, so that only the secondary resistance need 
be taken. 
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Similarly the phase angle difference between primary and 
secondary currents will be given by 

y, = tan-i 

Pa 

The sign of the numerator (which is P^-) can always be taken 
as positive in a simple circuit which does not contain both 
inductance and capacitance although the actual measured signs 
may give a negative value. On non-inductive load the secon- 
dary current will always lag behind the primary current re- 
versed. That is, the true angle between them will always be 
less than 180^ 

The behaviour of the transformer on inductive load can 
always be derived jfrom these measurements by considering the 
effect of shifting the phase of the load current before adding 
the exciting current. On inductive load, the load current will 
tend to come more into phase with the exciting current, and 
therefore the ratio error TviU increase, but the phase angle error 
decreases, until the load current has the same phase angle as 
the exciting current. This has the phase angle of 

(f> = tan~^ ^ 

P 0 

, . — 0 ^ 2 ^ 0 

or tan 6 = — 

^ + bob. 


On capacitance load the ratio error of the transformer would 
decrease and the phase angle error increase until the secondary 
load current had a phase displacement leading the secondary 
voltage by the angle 90 — 9 ? when there would be no ratio 
error but a maximum phase error. 

The maximum possible ratio error on inductive load can be 
derived from 


Ko 




vp„^ 


Pi 


and the maximum possible phase error on capacitive load can be 


ip = tan' 
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the expression VPq^ + is the numerical value of the excit- 
ing volt-amperes. 

This method of test is frequently used in the design and 
manufacture of current transformers for the predetermination 
of the errors.®"^® The suitability of a particular iron core can 
be found by winding two temporary windings, and determining 
the losses at various flux densities. The final design then 
follows, the secondary turns being made sufficiently large so 
that the flux density in the core at the highest secondary 
voltage (or largest current) will be low enough for the errors 
due to the iron losses at that flux density to be within the 
desired values. 

The secondary voltage will depend upon the secondary 
burden including the secondary leakage reactance and resis- 
tance, so that the greater the impedance of the secondary 
burden the higher the flux density and the larger the iron losses 
will be for the same current. The primary turns follow simply 
as a ratio of the desired secondary current to the primary 
current. In low precision transformers using ordinary silicon 
transformer steels the ratio of the turns is not necessarily 
numerically equal to the nominal current ratios, but extra 
secondary turns are allowed to compensate for the large iron 
losses. In precision transformers using nickel-iron alloy cores, 
the turns ratio usually agrees with the nominal current ratios 
because the losses are so very small. Unless the core loss com- 
ponent of the exciting current is a larger percentage of the 
load current than one secondary turn is of the total secondary 
turns, turns compensation for the iron losses caxmot improve 
the current ratio of the transformers. If the secondary circuit 
is open-circuited while the primary current is maintamed at 
full load, the secondary load impedance increases infinitely. 
The flux density in the core will rise to saturation value since 
the whole of the primary load current is available for exciting 
the core. This condition gives rise to excessive secondary 
voltage which may break down the insulation. TMs high 
voltage is produced by the sudden reversal of the saturated 
flux in the core, at the zero point of each current wave, and 
corresponds to a veiy rapid rate of change of flux, thus inducing 
a very high voltage peak. The saturation of the iron core may 
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alter its magnetic properties, depending upon the magnetic 
condition in which it is left, but the core can be normalized by 
demagnetization by flux reversals of decreasing amplitude, 
starting at saturation. 

There is no danger in open-circuiting the secondary winding 
during magnetic tests if the primary current is limited to the 
exciting value, that is to say if the open circuit secondary 
voltage is not allowed to rise much above its maximum working 
value. 



0 12 3 4 5 8 

SECOfiOARY LOAD AMPERES. 


Fig, 79. — Current ratio factor of euirent transformers. 


In Tables VH, VHI and IX are given the results of 
measurements made by. means of the a.c, potentiometer to 
determine the ratio and phase angle errors of a current trans- 
former.^^ The errors so determined are plotted in Figs. 79 
and 80. 

The same transformer was then tested by comparison against 
a standard current transformer. For this method of testing 
the two primaries are put in series, and the two secondaries 
are put in series through their proper burdens. The arrange- 
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TABLE VII. 

Open Cebcuit Method. 


El Current. 

Es Volts (Reversed). 

Es Mag- 
nitude. 

j Bb 

"■ 0*482* 

Eatio. 

Ec 

Angle. 

Minutes. 

0*2200 - i0*0130 
0*2202 - iO'OlSOg 

0*0381 -i0*1131 
0*0380 -yO'llSOs 

• 

0*1193 

0*248 

1*0017 

14*2 

0*4105 - i0*0285 
0*4108 - i0*0287 

0-1149 ~y0*2318 
0-1149 -/0-2318 

0-2587 

0-637 

l-OOlOg 

11*7 

0-5201 — jO-0368 

0-1781 -~y0*3043 

0*3526 

0-732 

1*0020 

10*1 

0-8788 — /0-0628 
0-8787 -jO-0530 

0-4858 -iO-5372* 
0*4858 -i0*5378 

0*7243 

1-5 

1*0021 

7*0 

1-0946 — yo-0759 
1-0944 — jiO-0750 

0*7325 - i0*6828 
0*7325 -- jO-6832 

^ 1-0014 

! 

2*08 

1*00208 

5-7 

1-2512 — yo-oseo 
1-2618 -yo -0862 

0-9539 - iO-7798 
0-9529 -iO-7798 

1-2321 

2*56 

1*0020 

4-9 

1-3969 — /0-0951 
1-3957 — yo-0940 

1-1760 - i0*8659 
1-1808 ~ ;0*8678 

; 1-4604 

3*03 

l-OOlOg 

4*2 

1-5240 — yo -1021 
1-5246 — /0-1036 

1-3988 ~ jO-mSO 
1*4004 - iO-9408 

1-6842 

3*50 

1*00189 

3*7 


* Erom this reading onwards the presence of harmonics masked the balance 
point, necessitating reduction of galvanometer sensitivity. The effect in- 
creased with increasing values of Eg. The load current is calculated on the 
assumption that the circuit resistance of the secondary will be 0*482 ohm. 
This is made up of the instrument resistsmce of 0*3 ohm and the resistance of 
the winding of 0*182 ohm, neglecting the leakage reactance of the secondary 
circuit. 

ment of the circuit is shown in Fig. 81. The a.c. potentiometer 
is used to measure the difference current between the two 
transformers by the volt drop in the cross-resistance. The 
measured values are given below and the errors determined 
therefrom are plotted in Figs. 79 and 80. These errors are 
(xurected for the known errors of the standard transformer. This 
method of test is a very useful one, but for the highest pre- 
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TABLE Vni. 


Differe:nce Cubrent Method. 


Ammeter 

Amperes. 

Difference Circuit Volt. 

Ed 

Shunt E^istance Volts. 
Es. 

Eatio 
Difference 
sW. sec. 
test sec. 

Difference 

Angle. 

Minutes. 

1 

- 0-00181 4-iO-OOOSO 

- 0-00180 -f iO-00090 

0-1958 +J0-0265 
0-1958 -f iO-0266 

1-00169 

0-2 

2 

- 0-00316 + /0-00058 

- 0-00321 + yO-00058 

0-3923 -fyo-0629 
0-3927 -fjO-0629 

; 1-00153 

0-4 

3 

! 

i 

- 0-00410 -f iO-00028 

- 0-00411 4- iO-00027 : 
-- 0-00410 4 jO-00021 

0-5897 -f yO-0722 
0-5930 -i-jO-0712 
0-5911 +yo-0782 

1-00136 

0-9 

4 1 

- 0-00489 + jO-00010 

- 0-00490 + jO-00009 

- 0-00489 + yo-00010 

0-7958 + iO-0568 
0-7951 -f jO-0567 
0-7948 +i0-0505 

1 1-00122 

' 1 

i i 

1-9 

5 

- 0-00571 4- iO-00024 

- 0-00571 4 JO-00025 

- 0-00571 4 JO-00024 

- 0-00569 4 iO-00021 

0-9960 4 iO-0024 
0-9939 4 i0 0039 
0-9990s- ;0-0024 
0-9961 - iO-0015 

1*00115 

t 

1 1 

i J 

3-9 

I 


Columns Ejj and Eg show the consistency obtained in measurement, 
Kesnlt'S have been worked out for only one set. 

The errors of the standard transformer used in the above test were as 
below giving the errors of the test transformer. 

TABLE IX. 


Load 

Amperes, 

Eaflo Error 
of Standard 
Transformer. 

Phase Angle Elrror 
i of Standard 
Transformer. 

Batio Error 
of T^ 
Transfccmar. 

i Phase Angle Eircsr 
i cff Test 

Transformer. 


1-000639 

4-1 

1-0023, 

8*0 

2 i 

i-oooeSa 

i 3-3 i 

1-00223 

1 1 

3 - 

l-00070s 

1 

GO 

1-00207 

: 3-7 

4 

l-00072o 

2-45 1 

1-00194 

2-8 


1-00072, 

2-3 

l-OOlSg 

2-5 
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cision the arrangement given in Chapter XI is preferable, because 
only one measmement has to be made, and also the volt drop 
in the cross-circuit is very small with precision transformers. 



Fig, 80 , — ^Phase angle error of current transformers. 



Fig. 81 .— Current transformer error determination by difference method. 

The small diBFerence between the curves determined by the 
two methods can be explained by the omission of leakage 
reactance from the value used for the secondary burden in the 
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calculation of the ratio and phase angle erroi^ jfrom the open 
circuit test. The exact load conditions under which the trans- 
former is worMng are not easy to determine, but this is not 
of great practical importance as it is more important to be 
able to assign limits to the errors which will occur when the 
secondary load does not exceed a certain maximum value. 
The difference of ratio given by the two methods is only about 
1 part in 10,000, except at the lowest values where no normal 
indicating instrument could be read with any degree of accuracy. 
Even at ^ load the difference is only about 3 parts in 10,000, 
When allowance is made for the secondary reactance in the 
load, the agreement between the two methods is almost perfect. 
The secondary load then becomes 0*482 + J0*0435 ohm instead 
of 0*482 ohm. The values calculated from the previous open 
circuit tests then give the following values : 


.j 

0*1193 

0-25S7 

0-3526 

0*7243 1*0014 

1 1-2321 

1*4604 1*6842 

I . . 1 

0-247 

0-535 

0-73 

1-5 i 2-07 

2-55 

3-02 3*48 

j 

Ratio 

i-OOSOs 

1-0022, 

l-0022s 

1-0022,| 1-0022, 

l-0021a 

1-00208 1-0019^ 

Angle 

JMmntes 

13-6 

10*75 

9-5 

6*4 1 5*1 

1 ! 

4*25 

3-65 1 3*1 


The Measurement of Small Phase Angles by the A,C. 
Potentiometer. — ^When it is necessary to measure small phase 
angles, it is always advisable to make the lengths of the voltage 
vectors embracing the small angle as nearly equal as possible, 
so that the two voltages and the small angle between them form 
an isosceles triangle. This triangle will be very nearly a right- 
angle triangle. The angle between the two sides is then known 
with high precision if the small difference voltage between them 
is measured. The measurement of small phase angles occurs 
in many problems and tests. A simple example is to compare 
the phase angle of two equal resistors of the four-terminal type, 
such as are used in measuring current by means of the potentio- 
meter. If the two resistance shunts are placed in parallel ( with 
their current terminals connected) and current passed through 
them, the volt drop on their potential terminals will be approx!- 
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mately equal, provided the resistance of the shunts is the same 
between its current points. This may not necessarily be the 
case with low-resistance four-terminal resistance standards, but 
such would generally be the case. If, now, one potential point 
on one shunt is connected to one potential point on another 
shunt and the voltage triangle so formed between the potential 
points is measured upon the a.c. potentiometer, the measure- 
ment will give two values of approximately the same length 
representing the volt drop between the potential points of each 
shunt and a third value representing the difference voltage 
between the potential points which are not connected. It is 
easy to see that the phase angle between these measurements 
follows from the ratio of the difference voltage to the volt 
drop between the potential points. If Ei is the volt drop of 
one shunt and E 2 the volt drop of the 
other shunt, and AE the difference 
voltage between them, then vectoriaUy 
El — Eg = AE (see Fig. 82), If the cur- 
rents in the shunts are adjusted so that 
El is numerically equal to Eg the phase 
angle between them will be given by tan"”^ AE/E if the 
triangle is assumed to be a right-angle triangle. 

The ratio of the two impedances will not be given, however, 
by the ratio of Ei to Eg because there is no certainty that 
equal currents are flowing through the shunts, and it will be 
necessary to connect the shunts in series and to compare the 
ratio of the volt drops in this series condition, in order to arrive 
at the ratio of the two impedances. The experiment just 
described is interesting as it illustrates that a phase difference 
often exists between the current terminals and the potential 
terminals of so-called non-inductive resistances, and this differ- 
ence of phase can bo readily determined in this manner in 
resistance standards of the same value. If the ohmic values 
of the shunts are not the same, means must be taken to adjust 
the currents in the two shunts in parallel until they are inversely 
proportional to their resistances, when the volt drops between 
each pair of potential points will be very nearly equal, so that 
the difference voltage gives the tangent of the angle as in the 
above example. 



£7 


Fig. 82. — Vector 
triangulation. 
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When this test is carried ont upon low-resistance standards 
involving the use of large currents, considerable care must be 
taken to prevent stray magnetic fields affecting the potential 
circuit. The near proximity of a transformer or of leads carry- 
ing large currents may have an appreciable effect upon the 
measurement by inducing voltages into one or other of the 
shunts or in the potential leads connected to the shunts. The 
magnitude of these parasitic e.m.f.s will depend upon the design 
of the shunts and upon the layout of the potential leads. Most 
non-inductively wound resistances are not greatly affected by 
the presence of magnetic fields, but sometimes the potential 
leads are so arranged that the volt drop between the potential 
terminals is in phase with the current, this condition being 
brought about by positioning the potential leads in such a way 
that the field of the shunt itself brings about a compensation 
for self-inductance. In some shunts where this has been done, 
there may be the danger of an external field causing a further 
effect upon the potential leads which will seriously alter the 
compensation made with respect to the shunt alone. This is 
the objection to some designs of potentially compensated non- 
inductive shunts. 

Measurement of the Ratio and Phase Angle of a Cur- 
rent Transformer. — ^A further example of the measurement 
of a smaE angle is in determining the phase relationship between 
the primary and secondary currents of a transformer. In the 
case of a current transformer this angle is very small and the 
method cannot be used with much success for high-grade pre- 
cision transformers because the angle to be measured may be 
less than the phase angle of the resistance standards used in 
the measurement. The method is, however, applicable to any 
transformer in which the phase angle is more than a few minutes. 

The circuit should be arranged as in Fig. 83. Non-inductive 
resistance standards are placed in series with the primary cir- 
cuit and with the secondary circuit, so that the current flowing 
in each circuit can be measured by the volt drop in the respec- 
tive resistance standard. It is important to use resistance 
values inversely proportional to the nominal currents in the 
two circuits. For example, if the primary current were 100 
amperes a resistance of 0*005 ohm would be a convenient value 
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for the primary circuit. If the ratio of the transformer were 
100/5 so that the secondary current would be 5 amperes, a 
resistance of 0*1 ohm would be required so that the volt drop on 
both resistances would be nearly equal By connecting two of 

the potential points 
on the standard re- 
sistance as shown in 
Fig. 83, the two cur- 
rents and their differ- 
ence can be measured. 
If the volt drop on 
is El and the volt 
drop on rg is Eg and 
the difference voltage 

Fig. 83.~-Cuxrent transformer error determina- hetwpen f I ia 

tion by vector triangulation. meaSUreU DCrween tUe 

other two potential 
points of the resistances is AE, since Ei and Eg will be nearly 



equal the phase angle between them wiU. be given by tan y; = . 

It is essential to see that the polarity of the two windings is 
correct so that AE is the difference and not the sum of Ei 
and Eg. 

For this measurement it is convenient to have a special type 
of non-inductive resistance standard for the secondary circuit 
in which the position 
of the potential point 
can be varied so that 
the value of Ei and Eg 
can be made exactly 
equal under all condi- 
tions of test. This is 
achieved by makmg 
the value of the non- 
inductive shunt 1 per 
cent, higher than its 
nominal value and having two additional potential terminals 
brought out to a slide wire. The slide wire is arranged to shunt 
across a portion of the standard resistor from 1 per cent, below 
its nominal value to 1 per cent, above. This is shown in Fig. 84, 


Current Current 



Fig. 84. — Special standard resistance for vector 
triangulation. 
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With this arrangement the travelling potential point can be 
moved along the slide wire until a point is found at which Eg 
has the same voltage value as Ei. 

The slide wire is calibrated in per cent, plus and minus the 
nominal value. The ratio of the primary current to the secon- 
dary current is given, therefore, directly as a percentage as 
indicated by the resistance setting. 

Ratio and Phase Angles of Potential Transformers, — 
The ratio and phase angle of potential transformers can be 
measured in an exactly analogous manner. In this case the 
circuit should be arranged as in Fig. 85. Potential dividers or 
volt ratio boxes should be connected across the primary and 
secondary windings of the transformer with tapping points 


Volt Ratio Box 



Fig. 85. — ^Potential transfoiiner error determination by vector triangulation. 


giving a voltage of about 1 volt on each side. That is, the 
resistance ratios of the volt boxes should be proportional to 
the transformer ratio. 

The two appropriate points should be commoned between 
the windings so that the two voltages Ex and E^ and the differ- 
ence voltage AE can be measured, thus giving the phase differ- 
ence between the primary and secondary voltages. It is 
essential to see that the polarity of the winding is correct so 
that AE is the difference and not the sum of Ex and Eg. If 
Ex and Eg are made equal by a variable tapping on the volt 
ratio box in the secondary chrcuit the ratio of the transformer 
will be given directly in terms of this setting as in the case of 
the current transformer just discussed. The phase difference 


AE 

will be given by tan 99 = :gr“‘ 

Mix 


The only limitation to this 
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metkod is tte difficulty of obtaining very accurate volt ratio 
boxes for high voltages. For voltages not exceeding 5,000 the 
method gives very good accuracy. The most convenient type 
of variable volt ratio box is one using a conductance box in 
series with a fixed resistance. 

If fx is the fixed resistance and g the conductance, the ratio 
R is given by R = grri + 1- Thus if the ratio of the primary 

R 

volt box is Ri the transformer ratio mil be 

In practice g need not go down to zero but can vary over 
a small Hmited range to give a fine degree of subdivision. It 
should be noted that the constant term 1 is automatically 
elimiiiated from the ratio by merely altering the reading of the 
conductance dial by one unit. For example, in a volt ratio 
box for 100 volts the fixed resistance might be made 10,000 
ohms. The minimum value of g would then be made 0*0098 
mhos or 102*14 ohms. This would give a voltage ratio of 1 
to 99. The conductance box could then add conductance in 
parallel up to a maximum of 0*0100 mho. This would give a 
ratio of 1 to 101. If the conductance box had three dials, 
consisting of ten steps of 0*000001, ten steps 0*00001 and one 
step of 0*0001 mho, the ratio could be varied 1 per cent, either 
side of its 1 to 100 value in steps of 0*01 per cent. The con- 
dirctance setting at 1 to 100 would be 0*0099 mho. The first 
dial consisting of two studs would be engraved 99, 100, the 
second dial 0, 0*1, 0*2, etc., the third dial 0, 0*01, 0*02, etc. 
The ratio would then be direct reading in per cent, of the 
nominal value of 100/1. 

The measurement of small phase angles is often required in 
connexion with reactive circuits. In this case, it is often the 
departure from true quadrature, and not the departure from 
zero phase angle, which is required. For example, in testing 
a condenser, the losses depend upon the relationship of the 
voltage across the condenser and the current through the con- 
denser not being exactly 90° apart. It is much more difScult 
to measure a phase angle of 89° than of 1°, so that with such 
a measurement it is better to measure the departure from 
quadrature rather than the actual phase angle between the 
volts^e and current. There arc two main standards of quadra- 
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ture, viz. the mutual inductance and the arc condenser. A 
jSrst -grade mica condenser at power frequencies is also a high- 
grade standard of quadrature. In both the condenser and the 
mutual inductance, the e.m.f. induced in the secondary of the 
latter or the volt drop across the former is very closely in 
quadrature with the current passing through the circuit. When, 
therefore, it is necessary to measure a phase angle which is 
nearly it is most conveniently done by connecting a con- 
denser or a mutual inductance in series, as shown in Fig. S6{a) 
and Fig. 86(6), in such a way that the difference between the 
volt drop on the condenser and the unknown voltage, or alter- 
natively, the difference between volt drops on the secondary 
of the mutual inductance and the unknown voltage, can be 
compared. Exactly the same rule should be followed here as in 
the previous example, and the two volt drops being compared 



Fig. 86. — ^IVIeasurement of impedances having large phase angles. 

should be adjusted to equality as nearly as possible. This can 
be done either by varying the mutual inductance or by varying 
the capacitance used as a standard of quadrature. As an 
example, the measurement of the phase angle of a loading coil 
may be considered. The loading coil usually has a very large 
phase angle so that the volt drop across the coil is nearly 90° 
in advance of the current through the coil. If the loading coil 
is placed in series with a condenser having a value such that 
the impedance of the condenser is very nearly equal to the 
impedance of the loading coil (see Fig. 86(a) ), the voltages across 
the condenser and across the loading coil will be equal, but 
whereas the voltage across the loading coil will lead the current, 
the voltage across the condenser will lag behind the current, 
so that the difference voltage between them will be a small 
quantity and the vector voltages will form a very narrow 
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triangle. If a high-grade mica condenser, the losses of which 
are very small (and preferably known) is used, the phase angle 
of the inductance will be readily determined by measuring the 
three voltages, Ei the volt drop across the inductance or loading 
coil, Eg the volt drop across the condenser and AE the volt 
drop across the beginning of the inductance and the end of the 
condenser, i.e., across the inductance and condenser together. 
As before, it will follow that the tangent of the phase angle of 


the inductance will be equal to 


AE 

Ex^ 


or more exactly the phase 


angle = 2 tan' 


-1 


AE 

2Ex 


, so long as Ej and Ea are equal. In 


the case of the measurement of the phase angle of a paper 
condenser it wiU probably be simplest to use a mutual induct- 
ance, the primary winding being in series with the condenser 
and the value of the mutual inductance so adjusted that 
the secondary voltage is very closely equal to the volt drop 
across the condenser. If one end of the secondary winding of 
the mutual inductance is connected to one end of the con- 
denser, the difference voltage between the other end of the 
condenser and the other end of the inductance will be very 
small, and this will give the difference in phase angle between 
the condenser and the mutual inductance, as in the previous 
example. It must he remembered that not every mutual 
inductance forms a pure standard of quadrature and that all 
mutual inductances suffer the defect of impurity in their quad- 
rature, the magnitude of which depends upon the method of 
construction used. In well-constructed mutual inductance 
standards the error is very small and amounts to an equivalent 
resistance in the primary circuit of a small fraction of an ohm 
depending upon the frequency. In a mutual inductance of 
10 millihenries, the impurity may be equivalent to the mutual 
inductance having a phase defect of 10“^^ radians at 50 cycles 
and this phase effect must be subtracted from the result in 
calculating the difference between the condenser. Care must 
be taken to avoid using a mutual inductance standard too near 
any metal in which eddy currents may be induced and so cause 
phase errors in. the secondary voltage. 

It is a great advantage when measuriug small phase angles 
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to be able to make the measurements in rectangular co-ordinates 
in preference to polar form, as the calculations are simpler, and 
generally speaking, the precision which can be obtained is 
higher. In order to facihtate this class of measurement, the 
Drysdale potentiometer has now been fitted with a quadrature 
dial which allows small voltages to be added in quadrature 
with the main voltage given by the dials of the potentiometer. 
This quadrature dial has a reading of plus and minus 0-01 volt 
and is connected to the compensator or phase-2 winding of the 
phase-shifting transformer so that the current through the 
quadrature slide wire will always remain in quadrature with 
the current through the main potentiometer dial. When using 
the potentiometer, voltages are balanced in the normal way by 
adjusting the phase-shifter and the dials of the main potentio- 
meter, the quadrature dial being set at zero. So long as the 
voltages under test have been arranged to be equal in the way 
previously described, small phase difference can be measured 
simply by adjusting the quadrature dial, thus avoiding the 
coarseness of adjustment of the phase-shifter. The tangent of 
the angle so measured is then given directly by the ratio of 
the quadrature reading to the mam reading. A further feature 
introduced into the Drysdale potentiometer consists of a mutual 
inductance connected into the quadrature circuits, and this 
enables the phase-splitting to be carried out by means of the 
vibration galvanometer instead of by observing the constancy 
of the current through the main dials. Eig. 87 shows the 
schematic arrangement of the circuit. When the current in 
the quadrature circuit is correctly adjusted as to phase, the 
voltages induced in the secondary of the mutual inductance 
will be in phase with the voltage on the main dials of the poten- 
tiometer, and will be proportional to the fiequency. It is only 
necessary to set the dials of the potentiometer to the appro- 
priate values and to connect them to the secondary of the 
mutual inductance and adjust the phase-splitting device con- 
sisting of the resistance box in series with the condenser until 
these two voltages balance. The phase-shifter is then correctly 
excited. This balance should remain true at all positions of 
the transformer, since when an exact circular rotating field is 
produced in the stator of the phase-shifting transformer, the 
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induced voltage in both windings of the rotor should be equal 
and at right-angles at all positions. This new addition to the 
Drysdale potentiometer enables an accurate test to be made of 
the accuracy of the phase-shifting transformer at all a.Tign1a.T 
positions. Experience has shown that whenever a phase-shift- 
ing transformer is introduced into the potentiometer supply 
the steadiness of the secondary current, and therefore of the 



Fig. 87. — Drysdale potentiometer with quadrature slide wire. 

potentiometer voltages, is impaired, so that although the phase- 
shifting transformer is a very convenient device for its purpose 
it does definitely place a hmitation upon the steadiness with 
which an unknown potential can be balanced. It is practi- 
cally impossible to build a rotating mechanism sufficiently rigid 
to prevent the mechanical vibrations modulating the output 
ftom the rotor. The variations are, however, less than is likely 
to be of importance in most industrial measurements. The 
most accurate arrangement of the Drysdale potentiometer is 
to use a refiectiag dynamometer of the type shown in Eig. 61, 
and to check the phase-splitting by means of the mutual induct- 
ance, as described above. By tMs means alternating current 
calibrations of voltage and current can be made with errors of 
only a few parts in ten thousand. 
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CHAPTER XI. 


OTHER USES OE THE A.C. POTENTIOMETERS. 

There are many uses of the a.c. potentiometer other than 
those which have been described in the previous chapters. 
These may be divided roughly into three groups. Those in 
which the potentiometer is used directly as an instrument for 
the determination of voltage. Those which combine the poten- 
tiometer principle with the bridge principle for the accurate 
determination of impedances, and those which use the properties 
of the circuits used in potentiometer work in a manner different 
from the two preceding methods of use. 

Many investigational measurements may be included in the 
first group ; measurements of voltage, that is, from which 
other electrical quantities can be determined to give the char- 
acteristics or physical condition of various circuits, apparatus 
or material. The exploration of stray magnetic fields and the 
investigation of potential distribution in complex networks 
where isolated voltages can be determined in their true phase 
relationship, are examples. Where it is not desirable to dis- 
turb the conditions of the circuit under investigation by the 
introduction of measuring instruments, the a.c. potentiometer 
is particularly useful. Such cases occur in valve amplifiers and 
in investigations into the performance of many types of indi- 
cating instruments. T. Spooner has described a number of 
practical investigations including the measurement of ampli- 
fication factors of audio frequency amplifiers and in the testing 
of steel for correct heat treatment by measuring its magnetic 
properties. The a.c. potentiometer has been used with con- 
spicuous success for the determination of the characteristics of 
the Inawashire 164 kV, 220 kilometre high-voltage transmission 
line.® It has also been used to measure the mutual impedance 
between power and communication circuits. 

162 
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In the second and third groups may be included various 
measurements on valve circuits, liigh-precision current trans- 
former testing and a method of medical diagnosis depending 
on the measurement of body potentials. Various examples of 
these other uses to which the potentiometer can be adapted 
mil now be considered. 

Impedance Measurements. — ^When the potentiometer is 
used to measure impedance the value of the impedance is usuahy 
determined by calculation from the current and potential 
measurements upon the impedance under test. In most cases 
this consists of making a potential comparison between a known 
and an unknown impedance, and the value of the unknown 
impedance foUows from the direct ratio of the potential drops. 
In some cases it is important to measure the current produced 
in one part of a circuit when a voltage is applied to another 
entirely different part of the cucuit, or conversely to measure 
the potential drop on one part of the circuit w^hen a current is 
flowing in another part. These relationships between different 
parts of a network are known either as mutual admittance or 
mutual impedance, and are as much fundamental constants of 
the circuits as the self-mductance or self-impedance of any 
branch of the network. 

Earth Resistivity and Impedance . — An example of the 
above class of measurement occurs in the measurement of earth 
resistivity ^ ^ and impedance somewhat similar in character to 
those dealt with in Chapter TV. In prospectiug for minerals, 
and in locatiug water and geological formations much informa- 
tion is to be obtained from measurements of the electrical 
properties of the earth. These measurements have to be made 
over large tracts of land, and between electrodes widely spaced. 
It is not possible to obtain the measurements by inserting two 
electrodes into the ground and measuring the impedance between 
them, because the contact resistance between the electrodes 
and the ground may be hundreds of ohms, whereas the resis- 
tance of the earth between them only a fraction of an ohm. 
In order to eliminate the contact resistance of these electrodes, 
four electrodes are used as shown in Fig. 88. Current is passed 
into the earth at two of the electrodes and the volt drop mea- 
sured at the other two. This is similar to the measurement 
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of earth resistivity given in Chapter IV. If the cnrrent entering 
the first two electrodes is measured as weU as the volt drop 
which the current produces at the second two electrodes, the 
mutual impedance between the two current and the two poten- 
tial electrodes will be given by the current entering the two 
electrodes divided into the voltage drop across the other two 
electrodes. 

That this mutual impedance is something different from the 
self-impedance between the electrodes can be easily demon- 
strated by moving the current electrodes nearer to the potential 
electrodes. The value of impedance measured in this way will 
in general increase asymptotically, so that the self-impedance is 
the same as the mutual impedance when current and potential 
points coincide. 
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Fig. 88, — ^Measurement of earth impedance. 


Owing to the very high contact resistance of the earth 
electrodes a potentiometer method of measurement is necessary 
to ehminate the effects of this resistance from the measurement, 
so that no current is taken from the potential electrodes. 

If a resistance is inserted in series with the current elec- 
trodes and the volt drop upon this resistance measured as well 
as the volt drop between the potential electrodes, the mutual 
impedance will be given directly as the ratio of these two 


E 

measured voltages. That is the mutual , impedance Zm = 

where Eg is the volt drop across the resistor r and Ei is the 
volt drop across the potential electrodes. 

If the potentiometer circuit is closely coupled to the main 
current circuit it will have the advantage that fluctuations of 
current in the circuit due to variation in the contact resistance 
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of tlie current electrode will be automatically compensated in 
tbe potentiometer circuit. Fig. 89 shows the circuit arranged 
to achieve this. The potentiometer is supplied from the secon- 
dary winding of a current transformer so that the current in 
the potentiometer circuit is always in the same ratio to the 
primary current, which is the current entering the ground. 
Since the potentiometer voltage is proportional to the current 
in its circuit, this voltage will be directly proportional to the 
current entering the ground, and will therefore follow any 
variation in this current due to fluctuation of the supply or the 
resistance of the electrode contacts. 

The type of potentiometer shown is a simple Larsen com- 



bination as this lends itself very well to this purpose. The 
current in the resistance potentiometer and the primary of the 
mutual inductance will be sensibly in phase with the current 
entering the ground. In measuring the volt drop upon the 
resistance r it will be balanced almost entirely upon the resis- 
tance potentiometer. The mutual inductance will only be 
required to compensate for any phase defect in the current 
transformer, the resistor r, and the resistance of the potentio- 
meter. In measuring the volt drop between the potential 
electrodes in the ground, there will generally be a phase differ- 
ence which will require the mutual inductance to compensate 
for it. 

If the current in the main supply circuit is Ii the current 
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in the potentiometer circuit being I^, Ig == RI^, where R ig the 
ratio of the current transformer. The volt drop on the poten- 
tiometer will be l 2 (± iti<^M). 

If the volt drop between the two potential electrodes 
and Pa is balanced when the potentiometer setting is on 
the resistance section and M on the mutual inductance, the 
mutual impedance will be Zj^ == R(ri ±ia)M) if there are no 
errors or phase defects in the current transformer. 

This can be checked directly against the resistance r in the 
main circuit where the volt drop should be balanced by the 
setting r = R^i. 

It will be clear from the above that mutual impedance of 
earth electrodes or other circuits can be measured directly by 
a bridge potentiometer of this type, in which current variations 
do not affect the balance. 

Comparison of Current Transformers. — further 
application of this type of measurement is for the comparison 
of current transformers. It is often necessary to compare 
current transformers for ratio and phase angle to a very high 



90. — Circuit diagram of N.P.L. method for determination of 
current transformer errors. 


degree of precision. One of the circuits used for this purpose 
is shown in Pig, 90, and Pigs. 91, 92, 93 show the actual equip- 
ment as designed by the N.P.L. for this measurement.® 

The primary of the current transformer under test is con- 
nected in sen^ with the primary of the standard current 
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transformer, the ratio and phase angle of which are known. 
The two secondaries, usually of d-ampere range, are also con- 
nected in series so that the current will flow round them in the 
same direction. In the secondary circuit is connected the load 
into which the transformer must work and a second current 
transformer of 5/5-ampere range. This transformer serves to 
isolate the potentiometer which is used to measure the “ differ- 
ence ” current of the two secondaries. If the transformer under 
test had exactly the same characteristics as the standard 
transformer, there would be no difference current in the cross- 
circuit resistance r shown in Fig. 90 because for the same 
primary currents the same secondary currents would flow, but 
if there is a difference between the two transformers, the secon- 
dary currents wdll be different, and the difference current will 
flow through the cross-circuit. By measurmg the difference 
current by the volt drop upon a Imown resistance, the differ- 
ence of both ratio and phase angles between the transformer 
can be found. 

The volt drop upon the resistance portion of the potentio- 
meter will be in phase with the current in the secondary of the 
standard transformer and the voltage in the mutual inductance 
will be in quadrature. When balanced, the reading of the 
resistance gives, therefore, the difference in magnitude of the 
two secondary currents and the mutual inductance gives the 
phase difference. 

If the isolating current transformer has an even ratio, the 
current in the potentiometer circuit will be the same as in the 

secondary circuit and the ratio error will be given by 100— 

per cent, when is the resistance of the potentiometer setting 
and ri the difference ” resistance. The phase difference will 


he given by tan ^ 


oM 


where M is the balance setting of the 


mutual inductance in henries. 


A further example of this type of potentiometer measure- 
ment is the calibration of a potential transformer. 

This circuit is shown in Fig. 94. 

The primary of the potential transformer is connected in 
parallel with a high resistance in series with which is the poten- 
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tiometer. The current through the potentiometer is almost 
exactly in phase with the primary voltage because the self-, 
inductance of the mutual inductance is negligible with respect 
to the high resistance in series with it. The potentiometer is 
used to balance the reversed secondary voltage of the potential 
transformer which is carrying its normal load. If the secondary 
voltage were exactly in phase with the primary voltage, the 
setting of the mutual inductance would be very small or zero, 
and the ratio would be given by the ratio of the potentiometer 
resistance to the total resistance, that is, the ratio of the trans- 

T 

former would be given by — == R. 

T 1 


HJ. SUPPLY 



]Fig. 94, — ^Determination of errors of potential transformer. 

The value of is kept constant, using a resistance potentio- 
meter of the constant resistance or substitution type. If the 
secondary current is not in phase with the primary current, it 
will be necessary to adjust the mutual inductance to balance 
the secondary voltage. In this case the phase difference will 

be given by tan”"^ — . 

'^v 

The Turns Ratio of Power Transformers. — ^In the 

Bianufacture of power transformers, it is usual to make an open 
rfrcuit test of the transformer at comparatively low voltage for 
the purpose of checking the turns ratio. This can be done by 
exciting the primary or secondary winding and making use of 
a potentiometer to compare the volt drops upon the two wind- 




Fig, 96. — ^Apparatus for determination of turns ratio of power transformer. 
To face p, 168] 
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ings. Eig, 95 shows tEe tEeoretical circuit of sucE an instru- 
ment. For worksEop purposes, it is essential tEat it sEould be 
compact, portable, and require no calibrating. At the same 
time a EigE degree of subdivision is necessary to cover individual 
requirements. Pig. 06 shows an actual instrument arranged 
for this purpose. 

The point of interest in the iastrument is the use of a con- 
ductance box for obtaining the potential variation. The circuit 
is very similar to the potential transformer test described in 
Chapter X. A high resistance is shunted across the supply, 
which also feeds the primary of the transformer. 

In series mth the high resistance r is a conductance box so 
that the ratio of the potentials at the junction will be given 


Ht6H resistance 



Fig. 95. — ^Determination of turns ratio of power transformer. 


by 


+ i/g 
i/ff 


where gr is the conductance in mhos of the con- 


ductance box. That is, the ratio R is given by rigr + 1 which 
win be direct reading in terms of if the conductance box is 
made to read 1 when set at 0. That is, the engraving of the 
units dial is displaced one stud. 

A mutual inductance with its primary in series with a 
separate high resistance is also connected across the trans- 
former winding. This is to compensate for the phase differ- 
ence between the primary and secondary voltages. The secon- 
dary winding of the mutual inductance is in series with the 
galvanometer wliich is arranged to balance the volt drop upon 
the conductance box against the transformer secondary voltage. 
A wide range of transformer turns ratios can be covered with 
a high degree of precision. The exciting voltage used is usually 
much below the normal working voltage of the transformer 
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so that the primary impedance drop due to the exciting current 
is negligible. 

Measurement of Leakage Impedance. — ^The leakage 
impedance of the transformer can be determined if the true 
turns ratio is known, since the difference between the primary 
voltage and the. open-circuited secondary voltage corrected for 
the turns ratio will be the volt drop due to the leakage impe- 
dance of the primary. The indicated ratio and phase defect 
therefore gives the difference from the true turns ratio. 

The Measurement of Magnetic Fields. — In measuring 
the strength of alternating magnetic fields by means of the a.c. 
potentiometer it is usual to employ a search coil consisting of 
an appropriate number of turns occupying a suitable area. In 
high intensity magnetic fields, such as occur in iron circuits, 
the search coil may be of a thin flat shape wound on glass or 
other rigid insulator, and having a cross-sectional area of only 
a few square millimetres, whereas when measuring field strengths 
in air such as in some methods of geophysical prospectmg, the 
search coil may be wound on a large wooden framework and 
have thousands of turns. The design of such coils depends 
upon the field strength to be measured and the required value 
of induced voltage to suit the range of the potentiometer. 

The voltage induced in a coil will be in r.m.s. volts. 

E = volts 

where 0 ' is the total maximum value of the flux in maxwells 
embraced by the coil. If B' is the maximum value of the field 
strength in gauss and A the area in square centimetres the 
voltage induced by any field strength H' will be 
E = V 2 :^/NABT 0-~8 volts 
when N is the number of turns. 

Thus in measuring a field strength of B' = 1 at 50 cycles 
in order to induce 1 volt in the search coil the area turns or 
N.A of the latter would have to be equal to 460,000. This 
means a very large coil or a large number of turns, for example 
a coil of 1 square metre in area requires 4-5 turns, or a coil 
having an area of 100 sq. cm. requires 4,500 turns. The 
measurement of very weak fields of less than 10““^ gauss involves 
difficulties at low frequencies, because the induced voltages are 
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low and at the same time the impedance of the search coil will 
tend to become high. The design of the most efficient search 
coil to give the highest sensitivity is therefore a matter of 
compromise. If too large a wire is used to keep the resistance 
low the weight and cost may be too high. The inductance of 
a given size of coil, and therefore the impedance, increases as 
the square of the number of turns, but the induced voltage only 
directly as the turns. Thus the sensitivity which will be 
proportional to the induced voltage will probably be inversely 
proportional to the turns, but this depends upon the impedance 
of the external circuit consisting of the detector and the poten- 
tiometer. In general this part of the circuit cannot be designed 
to suit the search coil except to the extent of matching the 
impedance of the detector by a transformer ; hence the solu- 
tion usually lies in the use of the largest possible search coil 
which can be constructed rigidly enough and light enough 
having regard to convenience of use. The number of turns 
can then be made such that its impedance matches the detector 
and potentiometer circuit. 

The direction in space of a magnetic field is often required 
as well as its magnitude. This can be determined very easily 
by rotating and tilting the coil until a zero voltage position is 
found if the field is not polarized spherically. 

Polarized Magnetic Fields. — Most alternating magnetic 
fields which extend to any appreciable distance from their 
source become polarized, so that at any given point the mag- 
netic field is no longer rising and faUmg sinusoidally about a 
zero value, but is never zero, but only passes through a minimum 
value. This is due to the superposition of two fields displaced 
in time phase. The second field may be much smaller in mag- 
nitude than the first and may arise from secondary inductive 
effects in neighbouring conductors, or from the superposition 
of fields arriving by paths of different magnetic properties. 

The effect of the superposition of a number of alternating 
magnetic fields of different time phase and different direction 
is to produce a resultant field which rotates in such a way that 
its magnitude traces out a lenmiscate in time, but whose mag- 
nitude measured at different orientations in space traces an 
ellipse, or ellipsoid if in more than two dimensions. A search 
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coil ia such a magnetic field will have a voltage induced in 
it dependent upon the flux normal to the plane of the coil. 
If the curvature of the field is neghgible, the search coil can 
he used to measure the field strength. The phase and magni- 
tude of the induced voltage will change as the coil is rotated. 
The phase will turn through 360° with a complete rotation of 
the plane of the coil. The voltage will rise and fall as the locus 
of an ellipse. 

If two fields only of different direction and time phase are 
superposed, the resultant will be plane polarized and if the coil 
is tilted into the plane of polarization no flux will cut it. 

The plane of polarization can be determined by turning 
and tilting the coil, but in many ways it is simpler to measure 
the components of the induced voltage on three coils mutually 
at right angles. The voltage induced in the three coils can 
then be measured at one setting of the coil. This gives a 
complete picture of the field in three dimensions. 

In exploring the magnetic field distribution derived from 
such measurements upon a straight line traverse across the field 
it is convenient to plot the mphase components and the quadra- 
ture components of each plane in separate curves. The resultant 
values can be derived at any point if desired. 

If + jbi is the induced voltage in the first coil 
ff 2 + jbi „ „ „ „ second coil 

as +i &3 » » » » third coil 

in an unpolarized field the ratio of a to 6 will be the same in 
each voltage, but in a polarized field this ratio will be different 
in each case. 

The resultant of the induced voltages would be 
E = Vax® + a, 2 -1- 

The numerical value of E will be 

E = -|- Us* -f- 63 *. 

The field strength would be calculated from 


VWNA 


. 10 * gauss. 


(The tune phase of B' will be 90° in advance of the induced 
voltage.) 
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If tlie r.m.s. value of B is required 

Tke spatial direction of B will be given by tbe projection 
of the resultant on to three co-ordinate axes. The inphase 
component is made up of Uj, and Projection on to the 
axis 1 will give the angular direction of the inphase component 
with respect to axis 1. This will be 



In a polarized field the space angle of the inphase com- 
ponents will not be the same as that of the quadrature com- 
ponents. It must be calculated separately, in the same way. 

In the case of the measurement of strong magnetic fields, 
the impedance of the search coil does not usually restrict sensi- 
tivity, and very fine wire can often be used with as many turns 
as voltage requirements demand. 

The Measurement of Electrostatic Fields. — ^The mea- 
surement of electrostatic fields by means of the low voltage, 
low impedance a.c. potentiometer is seldom possible because 
the size of the electrodes wiU have too disturbing an effect upon 
the field measurement. 

In order to obtain sufiB.cient sensitivity to measure the 
voltage gradient between two points in an electrostatic field, 
it would be necessary to insert at these points two electrodes, 
the capacitance between which would be not less than would 
give a circuit impedance of say 50,000 ohms. At 50 cycles this 
'would involve a value of about 0*06 microfarad. This would 


necessitate two very large plates very close together. If 1 mm. 
apart, the two plates would have to be about 2-5 metres square. 
This is clearly out of the question, as they could not be easily 
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supported and would probably completely alter the dielectric 
field into which they were placed. A very high impedance 
device is essential for measurements of the electrostatic field. 
The field distribution is best plotted by finding equipotential 
points rather than by measurements between different potential 
points, the latter method causing an alteration of field dis- 
tribution. 

Mutual Impedance Potentiometers. — It has been pointed 
out that the inherent limitations to the precision obtainable 
by the a.c. potentiometer are in the steadiness of the supply, 
both as regards voltage and frequency. In many cases magni- 
tude can be measured with a precision superior to the steadiness 
of the supply due to the compensation between the variations 
of the voltage measured and that used for measuring. In effect 
this means that the potentiometer is arranged to resemble a 
bridge in regard to its functioning. In many cases it is a 
definite gain to design the circuit so that this condition is 
rigidly fulfilled. 

A bridge circuit usually measures the impedance properties 
of one of its arms in terms of the others by a balance method, 
and the condition of balance is independent of fluctuation in 
the supply. If these properties have to be determined under 
certain current-carrying conditions, then the current has to be 
determined by other means, such as the insertion of a current- 
measuring instrument into the bridge or deduced from the 
voltage across some part of, or the whole of, the circuit. 

The potentiometer measures the potential upon any rele- 
vant part of the circuit under test and the impedance properties 
of the circuit are deduced therefrom. 

The basic distinction between the use of a bridge and the 
use of a potentiometer is that in the former case the current 
through the circuit Tmder test is part also of the bridge current 
and dependent upon the adjustment of the other bridge arms, 
whereas in the case of the potentiometer, the current in the 
circuit under test is undisturbed by the potentiometer. 

By combinmg a bridge and a potentiometer, circuits can 
be measured with the advantages of both systems. That is, 
the measurements are made by potential measurements without 
l^teng current from the circuit tested and at the same time 
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the condition of balance is independent of fluctuations in the 
supply. 

Many forms of bridges are in effect potentiometers and can 
often be used for this purpose, since the potentials between the 
corners of the bridge can be varied in both phase and magnitude 
by adjustment of the arms. This principle was employed by 
Willans ® for producing a voltage of known magnitude for 
measuring the amplification of transformer coupled valve cir- 
cuits. The circuit is shown in Fig. 97. The four-arm bridge 
shown at the left-hand side of the figure is supplied with a.c. 


AND Transformer 

UNDER TEST 



Fig. 97. — ^Determination of amplification of transformer coupled valve circuit. 


across its vertical diagonal. The voltage across the horizontal 
diagonal can be controlled by adjusting the variable arm of the 
bridge. This voltage can then be apphed to the grid of the 
last valve or to the input of the transformer stage. The ratio 
of the voltage necessary to give the same overall output allows 
the amplification of the transformer coupled stage to be deter- 
mined. The ratio of these two voltages is easily calculated 
from the known values of the bridge arms. 

The resistance and capacitance at the lower half of the 
bridge is for balancing earth capacitance. The capacitance C 
can be transferred from one arm to the other as necessary. 
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The voltage ratio is given by 
_ Vfif' _ R' + R 
Yg R'-R-joiR^C 
R' + R 

or - ^ L 11 

R' - R + co^R^C^ + jcwR^C 

according to whether 0 is across the left- or right-hand bridge 
arm respectively. 

A Medical Diagnostic Potentiometer Bridge.— An 
interesting example is the application of the potentiometer 
bridge to the measurement of the impedance of the human 
body, for diagnostic purposes. The circuit of the potentio- 


Oscillator 

UJ 


T'p 

KJlfiJLr 


Ts . 



meter bridge supplied by tbe General Radio Company is shown 
in Mg. 98. The body is shown as an equivalent circuit com- 
pc^d of impedance made up of a series of condensers and 
xesistanees. Current is fed into the body by electrodes Ci, Cg 



OTHER USES OF THE AU. POTENTIOMETERS 177 


in contact with the skin, nsuaUy the forearms. The potential 
difiference between any points Pi, P^ on the surface of the body 
is balanced by means of what is in principle a Larsen potentio- 
meter supplied from a transformer in series with the trans- 
former supplying the body. It is interesting to note the use 
of a condenser in series with the Larsen circuit. This allows 
the adjustment of the phase of the current, and therefore the 
phase of the volt drop upon the resistance potentiometer and 
mutual inductance to agree with the current flowing in the 
body, so that the resistance and reactance components of the 
measured impedance are direct reading. The potentiometer 
contact -points on the body are equivalent to a condenser and 
resistance in series, forming a circuit of high impedance. As 
the voltage which may be applied to the body must be limited 
to avoid shock, a sensitive detector is necessary. The frequency 
employed is of the order of 10,000 cycles per second. The 
advantage of the potentiometer bridge for the measurement is 
that the great variability of the surface resistance of the body 
electrodes does not affect the values of the impedance measured, 
as is the case with a simple bridge when used for the purpose. 

Method of Adapting the Co-ordinate Potentiometer 
to the Testing of Precision Current Transformers. — ^The 
range of voltage reading required for testing precision current 
transformers is only about 5 millivolts on both the inphase 
and quadrature potentiometers. It is also desirable that the 
measuring voltages should be closely coupled to the circuit 
under test. 

These requirements are easily achieved by the circuit 
arrangement shown in Fig, 99, using the standard co-ordinate 
potentiometer without the dynamometer or standard mutual 
inductance ; but using a small fixed mutual iaductance and 
low-resistance shunt. 

The current flowing in the potentiometer circuit is only 
0*0001 ampere. This arrangement requires only the addition 
of the 0*001 ohm shunt and 200 microhenries mutual inductance, 
and the isolating current transformer to the standard instru- 
ment, Owing to the very small current taken by the quadra- 
ture potentiometer, the phase of the quadrature current is 
almost exactly in quadrature, the phase defect being governed 
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by the self-inductance of tbe secondary circuit in relation to its 
resistance. This is about 200 microhenries and 40 ohms, so that 

the phase defect from true quadrature is = tan~^ 0-0157' 

or about 5 minutes. This is negligible in its effect upon the 


Standard 



Load 

\R£S!STANC£ 


Fig. 99. — Circuit for testing precision ciirrent transformers. 


determination of tlie already small quantity wliicli represents 
the error of ratio and phase, but can be compensated if desired 
so that the currents in the two potentiometers are in exact 
quadrature, by inserting a small inductance in series with the 
inphase potentiometer. 

The Method of Injection. — ^In all the measurements of 
potentials so far described, the principle employed has been to 
balance an unknown voltage against a known voltage. This 
method makes it essential to have a voltage of which the phase 
and magnitude are known and can be controlled. In some 
classes of measurement this is not easy to achieve and the 
method of potential injection may he employed. If a voltage 
is acting in a circuit and another voltage is injected into that 
circuit, the total voltage will be modified and will be increased 
or reduced according to the phase of the injected voltage. If 
now the magnitude of the injected voltage is adjusted until 
the combined voltage is a minimum hut not necessarily zero, 
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this minimtim value must represent the component of the first 
voltage which is in quadrature with the injected voltage. If 
the injected voltage is changed to one at right angles or in 
quadrature with its first position and again adjusted until the 
combined voltage is again a minimum, this minimum value 
must now be the component of the first voltage which is in 
quadrature with the injected voltage. This will be evident 
from Fig. 100(a). If OA is a voltage vector acting in a circuit 
into which a voltage having a phase relationship of <p is injected, 
the addition of the two voltages will produce a resultant voltage 
whose magnitude will clearly be a minimum when the locus of 
the two voltages passes nearest to the origin. This will occur 
when the resultant is at right angles to the phase of the in- 
jected voltage. The minimum resultant is therefore the quad- 



rature component of the first voltage to a new co-ordinate 
system inclined at the angle of the injected voltage. 

By repeating the process with an injected voltage at right 
angles to the first injected voltage, the inphase component with 
respect to the new co-ordinate system can be found. This is 
indicated in Fig. 100(6). In this way, the components of an 
unknown voltage can be measured by injecting into the circuit 
two unknown voltages at right angles with each other and 
measuring the resultants. This principle has been employed 
in connexion with the measurement of surface potentials in 
geophysical prospecting. Pig. 101 shows a valve voltmeter 
equipped with the injector circuit for analysing the phase and 
magnitude of the voltage measured upon the valve voltmeter. 
The injecting voltage from the same source of supply as that 
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vhich is being measured upon the voltmeter can be picked up 
)y means of an aerial or from the earth surface potentials. The 
njecting circuit consists of what is, in principle, a small Larsen 
Dotentiometer, from which components of voltage at right 
mgles to each other can be injected into the voltmeter circuit, 
[t will be evident that this method of potential injection, as a 
neans of analysing the phase and magnitude of an unknown 
^^oltage, can only be employed when the impedance of the 
injector circuit is negligibly small in relation to the circuit into 
which the voltage is injected, otherwise the injector circuit wiU 
affect the original voltage. The advantage of the method is 


AC Supply fpom same source as 

. CIRCUI7 UNDER TEST . 


In phase and. 
(Quadrature smrcH 

Sl6N CHANG/N0^ 
Switch 
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Amplifier Voltmeter 

Fig. 101 .— Measurement of surface potentials in geophysical prospecting. 


that it is unnecessary to know the magnitude of the injected 
voltages but only the phase angle between them. There are 
many sources from which voltages of known phase but unknown 
value can be derived, especially where measurements at audio 
frequencies are required.'^ 

The Geophysical Ratiometer. — ^The geophysical ratio- 
meter ® is a special form of instrument used for determining 
by a potential balance the distribution of surface potentials 
upon the earth in prospecting for minerals and in certain 
geological investigations. It is, therefore, a specialized form 
of a.c. potentiometer. 

Current at about 500 cycles is fed into the ground by means 
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of electrodes at a considerable distance apart. The volt drop 
between these electrodes distributes itself according to the 
conductivity of the earth. Thus a series of equipotential lines 
are formed on the earth’s surface normal to the current path 
between the electrode. 

If the earth conductivity is not uniform the volt drop will 
not be uniform and the spacing of the equipotential hues will 
not be equal. The ratiometer permits the measurement of the 
spacing of the equipotential hnes. It consists of two high 
resistance arms, one of which is variable. Three steel elec- 
trodes are pushed into the ground at uniform intervals in a 
straight line, the ratiometer resistances are connected between 
the two outer electrodes, and the centre electrode taken to the 
junction of the two resistances through a sensitive detector 
amplifier. The circuit is shown in Fig. 102. If the volt drop 
on the earth’s surface is uniform, then there will be no current 
flowing in the centre tapping circuit when the two arms of the 
ratiometer are equal. If the volt drop is not uniform, then 
the variable arm of the ratiometer must be adjusted until no 
current flows in the centre tapping circuit. The ratio of the two 
resistances gives the potential ratio upon the earth’s surface. 

In practice, however, it is not possible to obtain a balance 
in the detector by simple resistance ratios. The reason for this 
is that the surface potentials upon the earth are invariably 
polarized to some degree. In highly conductive areas near 
mineral deposits, the surface potentials are often almost circu- 
larly polarized. This means that there is a very big difference 
in phase between the two surface volt drops which are being 
compared. To allow the phase difference to be corrected the 
condenser shown in Fig. 102 is introduced. This is variable 
and mxist be adjusted until balance is obtained. The ratio- 
meter then shows the inpha.se potential ratio and the quadra- 
ture potential ratio between the two outer and the centre 
electrodes. A clear picture of the nature of the surface potential 
can be obtained if the voltage distribution is represented by 
two systems of equipotential hnes ® at equal volt drops apart. 
First there is a system of lines of equal inphase potential. 
Along any one of these lines there will be no difference of 
inphase voltage, but there may be large difference of quadrature 
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oltage. Thus, there is a second system of hues of equal 
uadrature voltage which will cross the inphase lines. The 
ifference of potential between any two points on the earth’s 
rrface will be given by the number of inphase equipotential 
nes between those points plus the number of quadrature equi- 
otential lines between them. This will be a vector value of 
"hich the two line systems give the components. If the 
uadrature lines are very faint, that is the quadrature volt 
rop per foot of surface is very small, then the inphase equi- 
otential or E.P. lines are very easily plotted by finding sue- 



Fig. 102. — ^Th© geophysical ratiometer. (A. Broughton Edge.) 

jessive points between which there is no voltage difference. 
iVhere the quadrature equipotential, or E.Q. lines as they are 
3alled, are strong there are no successive points at which there 
s no voltage difference. These conditions are frequently 
j/ssociated with highly mineralized areas and are therefore of 
oonsiderahle importance. In these areas the E.P. and E.Q. 
lines can he plotted by means of the ratiometer. 

The theory of the balance is as follows. As indicated in 
Fig. 102 the two voltages acting in the circuit are Ei and Ea. 
These are the surface potential differences between the main 
and the two outer electrodes. These are in the same direction 
and send circulating current and la round the ratiometer. 
The detector will be balanced when Ii == Ig. 

^ and I 2 = ^ 

Za 

• ^ 

*VEa z; 
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To determine tlie relative phase of Ei with respect to Eg, let 
Ex = ax + and Eg = ag since this is the reference vector. 
If Zg is a simple resistance, 

^^^2 ^ 2 

Voltage Ratio Inphase =— ——. 

as 

Quadrature = h = — 

02 ^2 

«C 

When the capacitance is transferred to the other arm in 
order to obtain a balance the ratios are as follows : 

Voltage Ratio Inphase =zll 

Cfg T 2 

Voltage Ratio Quadrature = ^ = TiCoO, 

This latter ratio gives the spacing of the E.Q. lines in terms of 
the E.P. lines. 

In order to make a direct comparison between the E.P. and 
E.Q. lines, one arm of the ratiometer is made capacitive only. 
The detector can then only be balanced when one electrode is 
on one E.P. line and the other on an E.Q. line. In this way 
the angle of intersection of the two-line system is determined. 

To follow an E.P. line over a highly polarized area, two 
electrodes are inserted at suitably spaced points on the line. 
The third electrode is then moved about and the ratiometer 
adjusted simultaneously until a point is foxmd where balance 
IB obtained with no capacitance in the ratiometer. This means 
that the third point so found has no pha^e difference jfrom the 
first two points, and is therefore on the same E.P. or for that 
matter same E.Q. line as the first two electrodes. A very exact 
delineation of the line systems can be made in this way. The 
operator uses the third electrode and also operates the ratio- 
meter in actual field work. An electrode spacing of about 50 
to 100 feet is convenient, and lines can be plotted at the rate 
of about half a mile an hour under highly polarized conditions. 
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Radio Frequency Potentiometers. — ^Radio frequency 
potentiometers have been devised, but the scope of measure- 
ment in this field is limited by a number of practical considera- 
tions. The chief of these is the difl&culty of attaching the 
potentiometer to the circuit without altering the conditions of 
the circuit. Joining the potentiometer leads to a high-fre- 
quency circuit wiU alter the capacitance to earth of the point 
of attachment. The capacitance between the leads may also 
have a disturbing effect upon the circuit, and the length of 
the leads may be sufficient to act as aerials, either radiating or 
receiving energy, and thereby disturbing actual working con- 
ditions. There is also the difficulty of introducing a detector 
into the leads of such a nature that it will detect potential 
differences between the circuit under test and the potentio- 
meter. Any sensitive detector must include some form of 
amplifier, and this wiU have a large self- and earth capacitance. 
With the exception of long waves, any potentiometer in the 
same sense as heretofore described is not a suitable instru- 
ment. For short-wave work any scheme of balancing potentials 
as a means of measurement is at present technically unworkable. 

The attenuator is, however, widely used as a form of radio 
frequency potentiometer. It acts as a device producing a 
known potential, not for balancing an unknown potential. 

The attenuator consists of an impedance network which 
attenuates a known input voltage in a definite ratio. These 
ratios are usually expressed in logarithmic form or in decibels. 
The most convenient form is a “ ladder ’’ of resistances so 
chosen that the potential is attenuated in definite steps along 
the ladder. Fig. 103 shows the circuit arrangement of an 



103. — Screened attenuator. 
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attenuator giving a voltage attenuation between the input and 
output of successive steps of 0, 10, 20, 30, 40 and 50 decibels, 
with a continuously variable section of 10 decibels. 

Considerable care is necessary in the construction of attenua- 
tors to screen the output from direct pick-up from the input, 
especially when the ratio of the attenuator is large. It is not 
possible to make a large potential ratio on two simple resistors 
at high frequency for this reason, and large attenuation can 
only be obtained by a series of meshes each attenuating into 
the next. 

There must be no appreciable mutual inductance or mutual 
capacitance between successive stages, if an accurate ratio of 
attenuation is to be obtained. It will be noticed that these 
requirements are entirely different from those pertaining to a 
low-frequency potentiometer, where high precision over a con- 
tinuous voltage gradient is required. In the high-frequency 
attenuator, a very large voltage ratio of known value is the 
chief requirement. The attenuator is used for testing amplifiers 
by injecting a small known voltage and observing the output 
of the amplifier. The input to the attenuator is usually meas- 
ured by some suitable instrument such as a thermal milli- 
ammeter giving the product of the current and its known 
resistance (thus giving a known input voltage). Alternatively 
a valve voltmeter may be used across the input to measure the 
voltage. The output voltage is then known in terms of the 
input voltage by the ratio of attenuation brought about by the 
attenuating network. One side of the radio frequency attenua- 
tor is generally earthed, but the point of eartbing is of great 
importance, otherwise the screen may pick up potentials which 
will appear at the output terminals. The screen should be 
earthed at one point only, at the output terminals, which are 
usually in concentric plug form, the outer screen being earthed. 

It is possible to arrange a co-ordinate system using two 
attenuators with phased inputs in order to control the phase 
of the output voltage, for the purpose of injecting high-fre- 
quency voltages of controllable magnitude and phase into a 
circuit. 

High-frequency attenuators are also constructed of series 
condensers.^2 ^ small condenser in series with a large one can 
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be used to attenuate tlie voltage in a known ratio so long as 
the condensers are very carefully screened and preferably non- 
inductive. By making one of the condensers variable, the 
voltage attenuation can be varied. 

The Educational Value of the A.C. Potentiometer* — 
Not least amongst the uses of the a.c. potentiometer is its 
employment for the demonstration of many a.c. phenomena 
and the proof of various circuit theorems. The author has 
designed a number of pieces of apparatus specially intended to 
demonstrate fundamental a.c. phenomena of this nature to 
students. In most cases these demonstrations concern effects 
which are not easily shown as clearly by other means. The 
following devices are arranged as experiments for the a.c. 
potentiometer : 

The torque of an eddy current motor. 

The complete vector diagram of a transformer on various 
loads. 

The production of a rotating magnetic field. 

The relation between mechanical force and electrical 
energy. 

The characteristics of a long transmission line. 

The generalized circuit equations of complex circuits. 

The attenuation of voltage, current and power in networks 
and the mutual admittance and impedance relation- 
ships. 

The measurement of the decibel. 

Unique impedances and circuit paradoxes. 

The demonstration of motional impedances. 

Constant current to constant voltage transformation and 
vice versa. 

There are many other applications capable of giving graphic 
instruction to the student of a.c. circuit theory and particu- 
larly of demonstrating that every electrical machine can be 
reduced to an equivalent circuit. 

One feature of particular interest is the ease with which the 
phenomenon of homographic transformation in a circuit 
containing resistance and reactance can be measured. In any 
circuit containing resistance and reactance in series, parallel 
or however complex, if the value of one branch changes, the 
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loci of the vector voltages and currents in tlie other branches 
are arcs of circles. This effect is rigidly true so long as the 
supply voltage is constant and the circuit is composed of 
“ linear ’’ conductors in which the current flowing is propor- 
tional to the voltage acting. If either the resistance or the 
reactance changes or both change simultaneously in a fixed 
ratio in part of a network, or farther the frequency changes, the 
phenomenon occurs with great precision. Departure from the 
circle diagram is essentially due to some non-linear impedance 
in the circuit. The ease with which the vector values of the 
voltage and current can be measured at different parts of a 
circuit without disturbing it in any way makes the potentio- 
meter particularly adapted for this purpose. The results can 
be plotted on squared paper without any calculations and the 
circle diagrams are at once seen. The phenomenon depends 
upon the fact that the inverse curve of a straight line in polar 
co-ordinates with respect to any point not on the line is a circle 
and the inverse curve of a circle with respect to another centre 
of inversion is again a circle.^® Thus if the impedance locus 
varies in a straight line the corresponding admittance will vary 
on a circle because admittance is the inversion of impedance. 
Successive branches of the cfrcuit represent successive circles 
alternately of admittance and impedance. Since the voltage 
in any circnit is proportional to the impedance, an impedance 
circle is also a voltage circle to some other scale. Similarly, 
because the current in a circuit is proportional to the admit- 
tance, an admittance circle is also a current circle to some other 
scale. The method is particularly useful in showing the per- 
formance of networks (among which can be included many 
machines) under varying load conditions. Many circuit prob- 
lems can also be solved by means of circle diagrams 
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CHAPTER Xn. 


FACTORS GOVERNING THE CHOICE OF A 
POTENTIOMETER CIRCDIT. 

It will be obvious that there are endless ways in which 
circuits can be contrived to act as a.e. potentiometers. The 
choice of a system is conditioned by the ease with which it 
can be calibrated for its particular purpose and its stability. 

Ah a.c. supplies fluctuate both in voltage and in jfrequency. 
If perfectly steady sources were available almost aU circuits 
would be of equal virtue, but fluctuations magnify the defects 
of some potentiometer systems. 

It is of no great practical advantage to be able to stan- 
dardize the potentiometer with great precision under perfectly 
steady conditions because there are very few a.e. supphes which 
are steady to 1 in 1,000 both in magnitude and frequency. It 
is of far greater practical value to be able to obtain steady 
readings on a slightly varying supply, and to know that these 
readings refer to some steady value of the supply. This is 
quite feasible in practice, so that with a suitably arranged 
circuit an accuracy superior to the steadiness of the supply can 
be attained ; the results obtained being those values which 
would occur m the circuit if the supply were steady at the value 
at which the potentiometer reads correctly. This may be called 
the theoretical test voltage. Under normal conditions of use 
the pointer of any accurate current-measuring device will be 
continually swinging. Its precision is only helpM in the pre- 
liminary setting up of the potentiometer in order to determine 
the theoretical testing voltage with accmacy. 

It is possible to stabilize the voltage supply to the a.c. 
potentiometer so that it is unaffected by the fluctuations, 
utilizing a thermal bridge circuit of positive and negative tem- 
perature coefficient arms, and thus give steady values of poten- 
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tial accurate in absolute value. It is an interesting experience 
to use such an a.c. potentiometer, because the results are ex- 
tremely bad. The balance is so unsteady that only very 
approximate readings can be obtained, because of the fluctua- 
tions in the circuit under test, which cannot be so stabilized, 
if any appreciable power is required. 

If the voltage on the potentiometer varies in exact step 
with the variation of the voltage on the circuit under test, the 
potentiometer wiU be much easier and more accurate to use 
than one in which the above relationship does not hold. If 
the potentiometer could vary its voltage with frequency fluc- 
tuations in exact step with the voltage variations of the circuit 
under test, it would be a great convenience for obtaining steady 
readings. Unfortunately this can only occur to a limited extent. 
The effect of frequency fluctuations is to change the volt drop 
on the reactive parts of the circuit. If the potentiometer 
circuit contains a large reactance, the phase of the current and 
the magnitude of the volt drop will swing about with frequency 
fluctuations. It may so happen that the circuit under test 
win behave in a similar way, but the conditions for this com- 
pensation to hold accurately are very restricted. 

These effects can be minimized by employing the iiiphase 
potentiometer closely coupled to the supply, so that the voltage 
in that circuit is always proportional to the supply voltage. 
If the circuit under test contains series inductances, the induc- 
tances can be retained in the inphase potentiometer circuit. 
The quadrature voltage of the potentiometer will always vary 
with frequency if supplied by reactive means such as a mutual 
inductance or a condenser. If the circuit under test contains 
series inductances, then either mutual inductance or series 
capacitance in the quadrature potentiometer will provide a 
degree of compensation, but series inductances will give aggra- 
vation. If, however, the circuit under test contains series 
capacitance, the series inductance is necessary in the quadrature 
potentiometer. In the author’s form of co-ordinate potentio- 
meter the inductance can be transferred or omitted from either 
circuit when desirable. 

In the Larsen and Pedersen circuits the phase and magnitude 
of both components swing with ffequency fluctuation. 
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If it is desirable to omit all inductance from both, inphase 
and quadrature potentiometers, the standardization of the cir- 
cuit can be carried out by reference to a circuit across the 



Fig. 104. — Voltage standardization of a.c. potentiometer. 


supply. This scheme has several advantages at the higher 
frequencies. Standardization by voltage instead of current is 
indicated in Fig. 104. 


Small JnmiCTAHce 



Fig. 105. — ^Voltage standardization of a.c. potentiometer. 


A more detailed circuit for standardizing bott potentio- 
meters is sbown in Kg. 105. The inphase potentiometer is 
standardized against the resistance divider and the quadrature 
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potentiometer against the mutual inductance. The value of the 
resistance divider is sufficiently high to make the time-constant 
quite small, so that the inphase potentiometer does not swing 
with frequency. This form of the circuit is often best associated 
with the measurement of circuits of small reactance. In this 
case the quadrature components are small and the volt drop 
on the quadrature potentiometer can be made a small fraction 
of that on the inphase potentiometer. This also means that 
the value of the inductance in the standardizing circuit can be 
kept very small. It is in the flexibility of the circuit arrange- 
ments that the virtue of the co-ordinate potentiometer resides. 
There are many methods of arranging the circuit applicable to 
special problems. A number of these are described in the 
patent specification No. 334131. 

The presence of large inductances near the circuits under 
test is always liable to cause stray fields. Por this reason con- 
densers are preferable to inductances for producing the quadra- 
ture voltages in the potentiometer circuit. In measuring small 
voltages where values of the order of microvolts have to be 
observed, the potentiometer must have a very low impedance, 
otherwise much sensitivity is lost. This is where the low- 
resistance potentiometer is at an advantage as compared with 
one using inductances or capacitances in the galvanometer 
circuit. 

Difficulties Encountered in Precise Measurement by 
means of the A.C. Potentiometer. — One of the most common 
causes of inaccuracies in a.c. potentiometer measurements is 
due to induced e.mi.s. Induced e.m.f.s in the potential leads 
between the potentiometer and the pohat of the circuit at which 
voltage is being measured, or in the galvanometer leads between 
the potentiometer and the galvanometer, or into the potentio- 
meter circuit itself, or even into the apparatus under test, is 
equivalent to an additional e.m.f. acting in the circuit which 
is not a part of the voltage which it is desired to determine, 
nor a known part of the voltage which is used to make that 
determination. The ejffect of such induced e.m.f.s is to give a 
condition of balance which is untrue, inasmuch as the reading 
of the potentiometer does not represent the voltage which it 
is d^ired to determine, but represents some different voltage 
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whicli is tKe sum of the required e.m.f. and the parasitic induced 
e.m.f. As already stated, the presence of parasitic e.m.f.s can 
in most cases be readily determined by short-circuiting the 
potential leads at the point at wHch they are connected to the 
circuit under test. Only if the circuit is free from parasitic 
e.m.f.s will the galvanometer balance with the potentiometer 
exactly at zero. If the galvanometer balances with some small 
reading upon the potentiometer, then it is evident that there 
is an e.m.f. acting in the circuit which has to be neutralized, or 
balanced, by this setting of the potentiometer dials. It is 
generally preferable to endeavour to eliminate these extraneous 
e.m.f.s, rather than treat them as corrections to the observed 
readings. They are best eliminated by carefully twinning all 
the leads which form the potential circuit and the galvano- 
meter circuit. In this way, electromagnetic fields will produce 
balanced e.m.f.s in the circuit. Occasionally, it is impossible 
to carry out this procedure, for example, when it is necessary 
to measure a voltage between two points at some considerable 
distance apart so that the potential leads cannot be twinned 
up to that point but must be widely spaced as the two points 
to which their respective ends are to be attached are approached. 
Such cases may sometimes introduce great difficulty in finding 
a proper value for the stray e.m.f. induced in the potential 
leads, as any attempt which is made to measure it may involve 
an alteration in the configuration of the actual current circuit 
which is responsible. It is also important that there should 
be no direct magnetic action upon the current-measuring instru- 
ment or dynamometer in the potentiometer circuit due to stray 
alternating current fields from some external source. Such 
interference can best be observed by reversals of the current. 
If the dynamometer deflexion is being influenced by an external 
field, reversing the direction of the current through the dynamo- 
meter wiU modify the deflexion of the instrument because its 
own field will be reversed, while the external field remains 
unchanged in direction. Where a standardizing mutual induc- 
tance is used in the potentiometer circuit, this too must be 
examined to ensure that it is not the source of an extraneous 
e.m.f. induced into its winding from an. external magnetic field. 
This is most easily done by disconnecting it from the circuit 
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and connecting tlie vibration galvanometer to its secondary 
winding when any induced e.m.f. will immediately cause a 
deflexion upon the galvanometer scale. By orientating the 
mutual inductance^ a position can be found where the induced 
e.m.f. is zero. Stray fields will be greatly reduced if all current- 
carrying circuits are also twinned, and such pieces of apparatus 
as transformers and machines are kept as far away as is pos- 
sible. It is always advisable to make a check of any voltage 
balance which has been obtained, with the potential leads and 
galvanometer leads successively reversed. It is in setting up 
the a.c. potentiometer for precise measurements that care should 
be taken concerning these points. In this way the presence 
of parasitic e.m.f.s may be detected before a long series of 
readings is undertaken. 

Thus when all parasitic e.m.f.s have been eliminated, it 
should be possible to reverse any pair of leads either in the 
galvanometer circuit, in the potential circuit, in the current 
circuit feeding the potentiometer, or in the dynamometer cir-. 
cuit and to obtain exactly the same balance. The signs of the 
potentiometer readings may be reversed, but them values should 
remain unchanged. If tMs degree of perfection cannot be 
obtained then it is advisable to take the mean of the reversed 
readings rather than subtract the measured stray potential 
from a single reading, although both methods should give the 
same results. One of the most fruitful sources of error in 
refined testing has been due to the bad wave-form of the supply. 
Many of the older testing generators used for calibration of 
instruments have very bad wave-forms judged by modern 
standards, and it is reaUy illogical to use such machines for 
precise calibration work because ambiguities are bound to occur 
in the interpretation of these calibrations. As has already been 
pointed out, under suitably arranged conditions, small fluctua- 
tions in the voltage do not necessarily introduce serious inac- 
curacies in the measurement ; since the circuits are compensa- 
tory, the circuit under test varying in the same way as the 
potentiometer on which measurements are made, Erequency 
fluctuations constitute, however, a source of variation and this 
will naturally be expected in any reactive measurement, because 
no fix:ed value can be assigned to the reactance being measured 
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unless tEe frequency remains constant. One of the most suc- 
cessful means adopted for supplying the a.c. potentiometer and 
the apparatus under caKbration is to use a smooth core rotary 
converter excited from batteries of ample capacity, the former 
being mechanically coupled to a synchronous motor fed from 
the frequency controlled National Grid system. In this way 
a very steady frequency can be obtained. In addition, the 
output voltage of the rotary converter is very steady because 
it depends upon the voltage of the battery excitation, if the 
combination is farther arranged with separate current and 
voltage machines, the phase of which can be altered with 
reference to each other, a very wide range of precise measure- 
ment can be covered, since voltage measurements can be carried 
out by means of the voltage machine and current measurements 
where large values at low voltages are involved by means of 
the current machine. The great advantage of being able to 
adjust the phase of either of these machines enables standardi- 
zation to be made at various power factors and always under 
the most favourable phase relationship conditions with regard 
to the potentiometer. This is the scheme adopted at the Royal 
Technical College, Glasgow. 

Another source of difficulty in connexion with precise 
potentiometry arises from stray currents entering the galvano- 
meter circuit owing either to the capacitance or to low insulation 
between the potentiometer circuit and some high-voltage source. 
Errors from this source can be very serious, because very small 
currents entering into high-impedance circuits may cause rela- 
tively large volt drops. If the simple case is considered of a 
current entering the potentiometer circuit from the supply 
mains on the primary side of the isolating transformer, this 
effect will be readily imderstood. Such a current would find 
its way into the potentiometer and pass through both potential 
leads back to the circuit under test and so back to the opposite 
mains. 

The galvanometer would be in one of the potential leads 
and a volt drop would occur across the galvanometer equal to 
the stray current passing through it (or half the total stray 
current if it was divided equally between the two potential 
leads) multiplied by the impedance of the galvanometer. There 
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would be no compensating volt drop in the opposite lead, and 
thus the volt drop across the galvanometer would have to be 
compensated by an equal and opposite e.m.f. derived from the 
potentiometer by a false setting. The reading might be further 
vitiated by any similar volt drop occurring in a circuit of high 
resistance under test, depending upon the actual paths taken 
by the stray currents. It is easy to see that in cases involving 
a high-impedance galvanometer, or a high-impedance test cir- 
cuit, the magnitude of these volt drops could be relatively 
large, that is, of the order of hundreds of millivolts even with 
quite small leakage currents. It is essential, therefore, that no 
such leakage current should be allowed to enter the potentio- 
meter, This is achieved by the use of screens between the 
primary and secondary windings of the isolating transformer, 
these screens being carefuUy earthed or connected to one side 
of the supply voltage, in order to preclude the entry of leakage 
or capacitive currents into the potentiometer. When working 
at higher frequencies, it is also necessary to make use of the 
screens provided round the potentiometer circuit itself, so that 
the capacitances of these circuits cannot cause stray currents 
of this nature to enter. Occasionally even these precautions 
are iasufihcient ; such a case occurs when the point at which 
the potential leads are connected to the apparatus under test 
are at relatively high voltage above earth or above the potentio- 
meter source of supply. A particular example of this arises 
in the measurement of earth impedances in connexion with 
geophysical prospecting described in Chapter XI. In this 
class of measurement, it is essential to measure the volt drop 
upon the surface of the ground, and although the actual volt 
drop measured between the two potential points may he not 
more than 1 volt, the surface of the earth at which these meas- 
urements are made may be 100 or more volts above the potential 
of the isolating transformer supplying the potentiometer. The 
result is that capacitive currents flow freely back from the 
potential leads through the isolating transformer, and the 
voltage measurement obtained is useless without some method 
^ of compensation. The method employed ^ is to introduce a 
balanced isolating transformer into the potential leads. This 
transformer is differentially wound and the detector, whether 
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a galvanometer or a telephone, is connected to a completely 
isolated secondary winding, as shown in Fig. 61. 

Dr. C, V. Drysdale has proposed the use of a differential 
vibration galvanometer for this purpose.^ This instrument, 
however, is in the author's experience much more dfficult to 
construct than the transformer. 

Adjustments for Variation in Supply Voltage. — ^It is 
of the greatest importance that no change be made in the 
potentiometer circuit during a series of readings and on no 
account should the potentiometer current be adjusted by the 
rheostat embodied in the potentiometer, as by so doing the 
phase-splitting between the potentiometers will be changed. 
Adjustment for variation in the supply voltage should always 
be provided externally to the potentiometer as indicated in 
Figs. 62 and 63. 

When it is necessary to adjust the controlling rheostats to 
compensate for slight variations of supply voltage the phase 
relationship between the potentiometer voltage system and the 
circuit under test is altered. In the calibration of an ammeter 
or voltmeter or in any other measurement where only the mag- 
nitude of a voltage vector is required, this is not important 
provided that the standardization of the potentiometer is 
checked after any adjustment has been made. For a watt- 
meter calibration or any measurement involving the deter- 
mination of two or more quantities, which must be related to 
each other in both magnitude and phase, it is essential that all 
the relevant measurements be made without adjustment of any 
of the controlling rheostats. If the variation of supply voltage 
is appreciable during any one set of readings it becomes neces- 
sary to take several sets of readings and average them to obtain 
the maximum possible accuracy. 

It may be found that it takes as much as two or three hours 
before the rhachine supplying the potentiometer and test circuit 
reaches sufficient equilibrium to provide the stability of con- 
ditions which is essential for the highest precision of which 
the potentiometer is capable. 

It is convenient to have a voltmeter across the supply on 
the test side of the controlling rheostats so that the voltage can 
be readjusted to the same conditions if any variation occurs. 
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In this way the relative voltages of the potentiometer and the 
circuit under test remain undisturbed. 

In obtaining a series of readings, as in the case of a network 
of which one element is being varied, it is essential that no 
adjustment should be made to the potentiometer circuit during 
the series of readings, and the control must therefore be external 
as described above or the readings will not co-relate. If the 
variation to the network alters the load so that the voltage 
varies, this is not very serious so long as the voltage on the 
network and on the potentiometer remain equal. The readings 
will co-relate because they will retain their proportionality. 
When necessary the voltage can be readjusted to its original 
value by the control rheostat on the supply side of the test 
circuit and the potentiometer. 

Method of Constructing, Adjusting and Calibrating 
Resistance Potentiometers. — ^The coils used in both d.c. 
and a.c. potentiometers are basically the same, and the same 
method of construction is employed except that the type of 
winding used in the a.c. potentiometer will preferably be such 
that the residual inductance is small, while the internal leads 
should be so disposed that the potential circuits are as nearly 
non-inductive as possible in order to reduce the effect of mag- 
netic fields. 

The potentiometer cods should be wound with manganin 
wire to reduce thermo-electric effects. This is important during 
the process of adjusting the coils as well as when using the 
potentiometer on direct currents. It is very difficult to adjust 
accurately a resistance coil with large thermo-electric effects 
present, as the process of handling or scraping the coil affects 
the volt drop on the coil by which its resistance is measured. 
In the same way, resistance cods with large temperature coeffi- 
cients are very difficult to adjust accurately because their 
resistance varies continually while handling. 

Potentiometer coils for a precise instrument, unless their 
resistance be less than one ohm, should be wound on metal 
bobbins insulated with a layer of shellacked silk. The manganin 
wire should be silk-covered and wound evenly in a bifilar loop 
upon the bobbin. Undue tension should not be employed in 
winding the wire or the mechanical stresses will cause the 
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resistance yalne to change. The time-constant of a bifilarly 
wound coil of wire not larger than No. 34 gauge and not more 
than 100 ohms in resistance, will not exceed 10”"® second. 
For some a.c. potentiometer coils it may- be advisable to use a 
still more non-inductive type of winding, such as a flat mica 
card with two windings in reversed directions, or a fine twisted 
bifilar spiral, but no type of specially non-inductive winding 
gives such good resistance permanence as the smoothly wound 
cylindrical coil on a metal bobbin. This appears to be due to 
the mechanical stresses introduced in the more compKcated 
types of wiading.® So long as the time-constant of every cofl. 
is the same, a small residual inductance is not serious in the 
case of coils for a.c. potentiometers, while the permanence of 
resistance is a matter of the highest importance. After the 
coils are wound they must be heat-treated to relieve stresses. 
Annealing at 550*^ C. is reaUy required, but this is out of the 
question with silk insulation, and the coils should be baked at 
about 140° 0. for a period of from 60 to 80 hours. If the 
initial stresses are not too great, this treatment is usually 
adequate. In the case of open wound spirals of bare manganin 
wire, as used in some high precision d.c. potentiometers, the 
heat-treatment can be made at 550° 0. Unless a reducing 
atmosphere is used, scale forms on the wire. This must be 
removed by pickling, and the resistance wire must not be bent 
after annealing. After baking, the coil resistance should be 
measured, the surplus cut off and copper end wires silver- 
soldered to the ends of the manganin wires at the appropriate 
points. A slightly larger size of copper wire should he used, 
but not much larger, or its weight will tend to break the man- 
ganin. The silver-soldered joint must be very carefully cleaned 
of fused flux or the coil will corrode later. The coil is usually 
treated with one or more layers of shellac varnish to protect 
it from atmospheric effects, although it is known that sheUac 
varnish causes variation in the coil resistance.®”'^ It is a matter 
of choosmg the lesser evil ; unvarnished, the manganin will be 
attacked atmospherically (unless hermetically sealed), and this 
is a more serious matter than the varnish effects. 

Having been wound, heat-treated and fitted with copper 
ends, the resistance of the coil should be adjusted to its nominal 
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value. A Wheatstone bridge is used for this purpose and the 
coil adjusted by scraping the mangairin while the copper ends 
are held in the bridge terminals until the coil value is correct 
within say 0-02 per cent, low of its nominal value. The pre- 
cision of adjustment at tins stage will depend upon the resis- 
tance of the coil and the ultimate degree of precision aimed 
at. It is useless to adjust very low resistance coils to great 
precision at this stage because the effect of soldering them into 
their final assembly may greatly change their values. 

With few exceptions, among which is the shunted dial type 
of resistance variation, potentiometer dials consist of a set of 
coils upon which the volt drops shoidd bo exactly equal.® The 
method of adjustment is, therefore, by the volt drop upon the 
coils. When the coils have been assembled into the potentio- 
meter, current is passed through them. Another potentiometer 
is then used to compare the volt drop upon the coils forming 
the dial under test. A special pair of fingers is usually required 
to enable the volt drop to be measured upon successive coils. 
A prehminary test of the volt drops is made upon all coils and 
the coil having the highest resistance is selected to form the 
standard. The volt drop on all the other coils is then brought 
up to agree with this one by gently scraping the manganin 
wire near the copper ends. Great care is required in the pro- 
cess, and the approach to the correct volt-drop value must be 
made very gradually, otherwise it will be overshot. The coils 
do not settle down to their final value immediately after scrap- 
ing, and it is necessary to go round the dial several times if a 
high degree of precision is desired. The second potentiometer 
used for comparing the volt drops upon the coils under adjust- 
ment must be capable of a very fine control of potential, and 
a precision instrument should be employed although the actual 
voltage value is of no great importance. It is essential, too, 
that the current in both circuits is extremely steady, and, in 
practice, large-capacity accumulators are connected to both 
circuits several hours before the process of adjustment, to allow 
the currents to settle down. By this method the coil resistance 
can be adjusted to equality wdthin 1 part in a milhon by a 
skiifal person, but the final values to which the coils settle 
win not be better than 1 part in 100,000 of equality. 
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Other effects, such as contact variation, temperature gradients 
and stress changes will combine to reduce the effective equality 
still further J A dial of eighteen coils, where the difference of 

effective equality between any two coils does not exceed 1 in 
20,000, can be regarded as having very good adjustment. In 
terms of ten coils, this will represent an error in mean resistance 
gradient of only 1 in 200,000. The relative volt drops upon 
successive dials of the potentiometer are adjusted in the same 
way ; the comparison of ten steps of a lower decade being 
adjusted to be exactly equal to one step of the dial above. 
Slide wires are calibrated in a similar manner, using the gradient 
of ten equal resistance coils in the second potentiometer to 
calibrate ten points on the slide-wire scale. The voltage range 
of the second potentiometer is adjusted for each test, so that 
advantage can be taken of the largest number of figures of which 
the second potentiometer dials are capable. If two potentio- 
meters are constructed simultaneously, one can be used alter- 
nately to calibrate the other, since there is need only to be 
able to control the comparing voltage to a fine degree in the 
first adjustment of the coils to equality. In practice, it is, 
however, more convenient to have an accurately adjusted 
potentiometer for the second instrument. 

The final cahbration of the potentiometer is most easily 
made by comparing the equality of successive steps on the first 
dial against the total of the second dial, using the second 
potentiometer to balance the first at any required setting. For 
example, with the first dial at 0 and the second at its total 
setting, the potential should be balanced by means of the 
second potentiometer. When this is accurately balanced, set 
the first dial to 1 and the second dial to 0. The balance should 
be rmdisturbed, but if sufficiently sensitively measured, there 
will always be a small difference. This should be rebalanced 
and the difference represents the error on the 0-1 stud of the 
first dial in terms of the second dial. Now, leaving the first 
dial at 1, turn the second dial to its full value. Rebalance on 
the second potentiometer and repeat the process, thus deter- 
mining the error of the 1-2 stud of the first dial in terms of the 
second dial. This process of dial substitution can be carried 
out with any number of dials or with a slide wire, starting 
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preferably from the lowest. The errors so determined can he 
tabulated as corrections to he applied for work of the highest 
precision. Thus, the accuracy of a potentiometer can always 
he determined if another one is available.® This is one advan- 
tage of having two potentiometers embodied in the co-ordinate 
a.c. potentiometer. The coils of a.c. potentiometers are ad- 
justed on d.c., since it would be impossible to obtain sufGlciently 
steady conditions with an a.c. supply. 

It Avill be clear that all a.c. measurements depend upon d.c. 
standardization in the first place. The definition of a sine wave 
of alternating current of 1 ampere is essentially a current which 
produces the same mean magnetic field as 1 ampere of direct 
current. The mean force of each magnetic field will be the 
same. 

One a.c. volt produces the same mean electrostatic field as 
a d.c. volt, and therefore the same mean force. In both cases, 
the alternating force is varying with double frequency between 
zero and twice the d.c. value which is the mean. 

The definition of heat equivalence between a.c. and d.c. is 
really a power equivalence and not a current measurement. 
The heat in a measuring device is due to the power, which will 
be I®r. If the heat is the same with a.c. as with d.c., the cur- 
rent will be the same if r has remained unchanged, but the heat 
is just as much due to the volt drop Ir as to the current. 

In general, the equivalence of the magnetic field is the most 
convenient link between a.c. and d.c. at the low voltages used 
in measurement. This necessitates a device in which a.c. and 
d.c. produce the same mean magnetic fields (i.e., there is no 
firequency effect). This is logically the iron-free dynamometer. 

The electrostatic voltmeter is preferable to the electro- 
magnetic dynamometer from the view-point of its pruity, but 
the forces available at low voltages are so small that it is essen- 
tially a very dehcate instrument of restricted utOity and is 
furthermore unportable. When voltage equivalence between 
a.c. and d.c. is established by means of the electrostatic volt- 
■meter, current equivalence can be established by means of the 
volt drop upon a non-inductive resistance. 

It is inevitable, therefore, that the resistance potentiometer 
in some form or other provides the link by which all a.c. stan- 
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dardizations are bnilt up from equal mean forces of the electric 
field. 

Care and Maintenance of Precision Potentiometers. — 
Under no circumstances should the potentiometer resistance 
coils he handled, nor should their ends be bent, since the least 
bending of the wire will alter its resistance. The switch con- 
tacts require cleaning periodically, say two or three times a 
year, depending upon the atmospheric conditions in which the 
instrument is used. It is inadvisable to use abrasive materials 
upon the contact surfaces ; if these are of silver-gold alloy, 
brass, copper or phosphor bronze, once the surface becomes 
charged with abrasive, cutting wiU continue for years, and the 
abrasive cannot be removed without scraping off the surface 
of the metal. Contact surfaces charged with abrasive give very 
variable contact resistances. To elean the switch contacts, it 
is usually sufficient to squirt a little petrol on to the contact 
surfaces and operate the switches several times. The dirty 
liquid and dust should then be wiped away, preferably using 
a piece of chamois leather. This process may have to be 
repeated several times if the instrument is very dirty, but very 
little petrol should be used and none allowed to get on the . 
ebonite panel. When all dirt has been removed, a veiy little 
medicinal paraffin should be applied to the contact surfaces. 
The ebonite or hard rubber panel is best cleaned with distilled 
water carefully used on a mop so that none gets into the instru- 
ment, and finally cleaned off with turpentine. If the panel 
has not been exposed to light or is made of “ loaded ebonite 
in which there is ho free sulphur, the distilled water treatment 
is unnecessary, since the function of the distilled water is to 
remove the sulphuric acid which forms on the surface of ebonite 
exposed to light. 

The most fruitful source of trouble in potentiometers is the 
fine adjustment rheostat, and this is invariably due to the 
difficulty of making good sliding electrical contact on a thin 
wire. If too much pressure is used, the friction causes mechani- 
cal trouble by “ firing ” the surface, while if the pressure is 
insufficient the contact is variable. There is a certain pressure 
with suitable materials which produces a burnish. These are 
the best conditions. Again, no abrasive should be used in 
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cleaning if tke design is correct. Petrol and medicinal paraffin 
are the best cleaning agents, as in the case of the other con- 
tacts. Dust will always collect on the contact surfaces and if 
there is nowhere for it to get away, it will gradually accumulate 
under the moving contact surface. A few. small channels in 
the contact into which the dust can escape will prolong the 
time between cleaning. 

Slide wires are usually made of platinum-silver alloy. Some 
specimens exhibit freak behaviour for which no satisfactory 
explanation has been found. Such a wire will give continual 
trouble, a film of high resistance forming on its surface in about 
24 hours. The film can be readily removed by rubbing the 
wire with a piece of ordinary writing-paper, but it cannot always 
be removed by the metal slider of the instrument itself even 
when operated many times. In such cases the film is a source 
of intermittent contact and the only satisfactory cure is a new 
slide wire of better material. The wear on a platinum-silver 
slide wire in normal use, if uncharged with abrasive, i§ very 
small indeed and the resistance thereof does not change appre- 
ciably with years of use. It is the slider which wears. Some 
wires have “drawing ripples ” on their surfaces, and these 
always give excessive wear to the slider and generally make 
poor contact. 
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CHAPTEE Xni. 


THE REPRESENTATION OF ALTERNATING 
CURRENTS BY COMPLEX QUANTITIES. 

The use of complex quantities as a means of expressing 
alternating currents and voltages is very convenient. It per- 
mits the calculations involving these quantities with great 
simplicity and without the use of trigonometrical tables. 

The complex quantity, consisting of a real component and 
a quadrature component, is primarily an algebraical expression 
which lends itself very aptly to the representation of sine waves 
of current and voltage because in any cheuit there are two 
effects. 

There is the effect which is proportional to the current or 
voltage such as the volt drop in, or current through, a resistance. 
This effect is in phase with its cause. 

The second effect is proportional to the rate of change of 
the current or voltage, such as the volt drop on an mductance 
or capacitance. This effect is 90° out of phase with its cause 
because the rate of change of a sine wave is a cosine wave which 
is simply a 90° phase displacement of the sine wave. 

Since the laws governing the current and voltage in any 
circuit depend upon these two effects only, the representation 
in two components at right angles which results from these 
laws would seem more basically true- than the polar representa- 
tion which essentially combines the effects of direct propor- 
tionality and rate of change effects. 

Representation by complex quantity is, however, not with- 
out its dangers, and the student must never lose sight of what 
the complex quantity really represents. A complex quantity 
used to represent a current impHes two alternating currents 
displaced 90° in time phase with respect to each other. So fan 
as the behaviour of the circuit is concerned, the currents can 

206 
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be treated as though they existed independently and then 
superposed. This is the superposition theorem. Exactly the 
same applies to a voltage represented by a complex quantity. 

When the product of the current and the voltage are re- 
quired, very careful consideration must be given to the exact 
meaning of the symbols. If the current is represented by the 
complex quantity a + jh and the voltage by c + jd, both a and 
c will be sine waves of current and voltage respectively in phase 
with each other. The power which is the product of current 
and voltage will obviously be ac. In exactly the same way 
the quadrature component of current 6 is in phase with the 
quadrature component of voltage d, so that a further com- 
ponent of power will be present equal to bd. The total power 
will therefore be ac hd. It will be evident that with different 
signs the products will foUow the usual algebraic laws, the 
products of the components being negative if one sign is nega- 
tive, but positive if both are negative. The same reasoning 
can be applied to the quadrature products. The product of 
that component of the voltage which is in quadrature with the 
current represents reactive volt-amperes. 

Reactive volt -amperes represents a storage of energy because 
it is reaUy the product of the current and the flux it produces. 
With an alternating current the flux induces a voltage which 
lags behind it by 90°, because the induced voltage is propor- 
tional to the rate of change of the flux. Thus the induced 
voltage due to the flux is 90° behind the current producing 
the flux. The product of the current and the component of 
voltage lagging 90° behind it gives, therefore, the product 
of the current and flux and is the energy stored in the flux. 
The flux is alternating like the ciurent which produces it and 
^ is in phase with it. The product is therefore a (sine)^ func- 
tion, that is a double-frequency sine wave of aU positive values, 
rising from zero to twice its mean height. Its mean ampli- 
tude is the average stored energy. The product of current 
and reactive volts is in reactive volt-amperes which can be 
converted into joules by dividing by 

When two complex quantities are used to represent the 
current and voltage the components represent separate sine 
waves at 90° displacement. The component of current a is in 
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phaise with, the component of fluz which, induces the voltage 
lagging 90 behind it. This is the component d. Therefore 
energy is stored by the product ad. The component of flux 
which induces the voltage c will be 90"^ in advance of c, that is 
180° out of phase with the current component h. The energy 
stored by this product will therefore be negative with respect 
to the first product. That is, the reactive volt-amperes will be 
ad — he. It should be noted that neither the power nor the 
reactive volt-amperes is the algebraic product. The algebraical 
product of the complex quantities does not give the power 
and reactive volt-amperes. The reason lies in the change from 
a single-frequency quantity to a double-frequency quantity. 
The student is often exasperated by this paradox and its 
apparent dangers. In experimental work there is less chance 
of confusion than in analytical work. 

The representation is a mathematical convenience and must 
be kept under control. The simplest way to avoid aU ambiguity 
in circuit calculations is to work in either voltage or current, 
but not in both. Thus if the calculation is carried out in cur- 
rent, the voltages will be expressed as current times impedance. 
If current is kept as a purely numerical quantity and impedance 
and admittance as complex quantities, 
all circuit calculations, no matter how 
complicated, can be carried out by the 
ordinary algebraic laws of complex 
quantities. The advantage of con- 
sidering either current or voltage as a 
numerical quantity acting in a complex 
circuit, can be seen from the following 
example. Consider the case of a oir- 106. 

cuit shown in Eig. 106. 

A supply voltage Ei feeds a relay of admittance over a 
circuit consisting of a series impedance and a shunt circuit 
of admittance Y^. 

The voltage at the relay is and the current 1^. Both 
are numerical values. 

It will be evident that the total current will be given by 
I, = Ei,(Yr + Yb). 
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The volt drop on the series impedance will be 

IiZj, = Ej^(Yr + 

The supply voltage will therefore be 

El = Eji{l + + Yjb) }. 

Substituting the complex values of Z^, Y^ and Yg gives 

El — Br,[1 + (r,j, +jxj,){gji + +i(6R + ig)}] 

El — Ej; 5,[1 -1- r,j(grjj + ffs) ~ ®t(^r + ^b) 

+ y{%(5fE + 9 'b) + ’*t(^r + &b)}]- 
The term in the bracket has been expanded by algebraic 
multiplication of the complex quantities in which 
If Bn is a numerical quantity, Ei will be given in its vector 
components in relation thereto. The power input given by Ei 
and Ii can readily be derived as follows. 

In terms of E^, 

Ii = En(YH+YB) _ 

= En{gR + ffs + ^>b)}- 

This complex expression gives the vector relationship 
between Ii and E^. The power will be given by the sum of 
the products of the components of voltage and current which 
are in phase with each other. Taking these products in the 
case of El and Ii gives the power 

El = Ejj,‘*[(s'r + ?b){1 + ^t( 9 'r + ffa) ~ ^t(^r + 63) } 

+ (^R + f>B){^T(ffR + 0 'b) + + ^b)}] watts 

where E^ is the numerical value of the voltage. This is not 
the algebraic product of the two complex quantities representing 
El and Ii. 

Similarly the reactive volt-amperes will be given by 

Ey = -f- S'b) {^^(S'r + ?b) + ^t(^b + ^b)} 

- (Sr + ^>b){1 + »'t(9'r + ?b) - *t(^r + ^b)}]- 
Treating E^ as a numerical value is really the same as fixing 
its phase at zero or fixing the co-ordinate system. 

It is evident from this example that it is most convenient 
for calculation purposes to regard all voltages or currents as 
numerical quantities until their vector relationships are defined 
by the complex quantity which represents the circuit impe- 
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dances. In this way a vector voltage or current always appears 
as the product of a numerical value operated upon by a com- 
plex quantity. Thus all voltages and currents are symbolically 
numerical quantities and only the relations between them 
complex. For this reason no indication is given in the symbols 
used in the text of whether a measured voltage or current is 
a vector or a simple numerical value. If it is complex, this 
will at once manifest itself either in the practical measurements 
or in the analytical calculations. The introduction of vector 
values of both current and voltage into a formula is only justifi- 
able when the co-ordinate system of each is the same. In a.c. 
potentiometer measurements this is a basic implication. In 
analytical work, the complex relationship can only be inferred 
from the circuit values, not from the current and voltage values 
in themselves. 

The Calculation of Results from Co-ordinate Measure- 
ments. — ^When the current and voltage acting in a circuit are 
measured by means of the co- 
ordinate a.c. potentiometer, the 
results appear in vector form 
E = ± where a is the 

inphase component and b is the 
quadrature component. Currents . 
are invariably measured by the volt 
drop on a non-inductive resistor r 
so that I = l/r(± a ±jb). These 
vectors can be plotted at once upon 
squared paper. 

If the horizontal axis is taken as the inphase and the vertical 
axis as the quadrature, the vector appears as in Fig. 107, its 
length will be Va^ + b^ and the phase angle with respect to 
the reference axis will be tan^^ b /a. 

When the current flowing in a circuit and the voltage are 
both measured in this form, aU the electrical properties of the 
circuit can be readily calculated. A good example is to con- 
sider the circuit shown in Fig. 108, consisting of a choke or 
iron-cored inductance in series with a non-inductive resistor. 
The choke is provided with a secondary winding, the open 
circuit voltage of which can be measiired. The four voltages 
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re measured ; ' Ei at the terminals, E^ across the non-inductive 
3sistor, Es across the choke and E* across the secondary wind- 
ig. Let El = Oi + 3 'bu Ej = -1- etc., assuming all signs 



AC. Supply 

Pig. 108.' — ^Measiirements on an inductive circuit. 


positive until actual substitution of measured values is made. 
It is obvious that == Eg + E3. 

That is «! — ^2 + az 

and 61 == 62 + 

In making such a set of measurements^ this check upon the 
sum of the components should always be made. It is at the 
same time an easy check upon the number of figures to which 
the readings are reliable. The current flowing in the circuit 
will be 

I = \/r{a^ + jb^) amperes. 

The power dissipated in any part of the circuit will be the sum 
of the products of the components of current and voltage in 
phase with each other. Thus the total power delivered to the 
circuit will be 

Pi = + h^h^)l/r watts. 

The power in the resistance will be 

Pa = (aa^ + h%^)l/r watts. 

The power in the choke will he 

P3 = {a^a^ + bjba)l/r watts. 

The energy stored in any part of the circuit will be the differ- 
ence between the product of the components of current and 
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voltage in quadrature vdth each other. There will be no energy 
stored in the resistance because 

Pja = <3^i^i)l/r = 0. 

The energy stored in the choke will be 

— <2363)1^ reactive volt-amperes. 

This will be the same as the total stored energy 
Pji = Ml - 

because Ofi == and bi + 63. 

The impedance of any circuit wiU be given by the voltage 
divided by the current. Similarly, the admittance will be given 
by the current divided by the voltage. 

The impedance of the choke wiU be 


+JO2, 


ohms. 


Rationalizing by multiplying numerator and denominator 
by <*2 —jbi gives 


_ ^ . aj), - aj>, ' 

V } 

That is the impedance consisting of two components, the 
resistance and reactance respectively is 

Z3 = fg +jx^ 
where the resistance 

Q/ oU a "j” b 3 1 


And the reactance 


a*® + 62® 


The relation between these components and the power and 
stored energy is obvious. The effective resistance of any cir- 
cuit is the power dissipated in it divided by the current squared, 
and the effective reactance is the stored energy divided by the 
current squared. 

It should be noted that ^3 is the effective resistance of the 
choke, not the d.c. resistance. 

The effective inductance L3 of the choke with current I 
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owing will be derived from the reactance by dividing by 27 tf 
'here / is the frequency. 

The inductance of a circuit is defined as flux turns per 
mpere. That is 

^ = 1. = ^ 

I 2^ 


phere 0 is the r.m.s. flux. 

If Ni is the number of primary turns then flux would appear 
n be given by 


0 = 


^3 T 

2j^Nx- • 


This is not so in the case of an iron-cored circuit and is a 
well-known pitfall in measuring a.c. flux.^ 

The flux in the iron must be derived from the induced 
secondary voltage E4. 

By the well-known relationship 


That is 


0 ' = 


E 

7^3 


. 10® gauss. 


0 ' 


V 04® -f 64® 


10® gauss, 


where 0' is the maximum flux. 

The induced voltage wiQ be in quadrature with the flux 
producing it so that the phase of the flux will be 90° in advance 
of E4. Vectorially, therefore, the flux will be 


10® 

'\/27rfN 


(- 64 +ja'i). 


The energy stored in the flux will be given by 
P,-4 = ^(aa&4 — dibi) reactive volt-amperes. 


Similarly the power expended in iron losses to produce this 
flux density will be 

_ N, 

P4 = 5“(aa04 + bj)i) watts. 

jN 2 

These two quantities are simply the product of the primary 
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current and secondary voltage reduced to the primary by the 
ratio of the turns. 

The difference between P3 and P4 will be the power loss in 
the winding or copper loss in the choke, since this difference 
does not reappear in P4. 

The leakage reactance or flux can also be derived from the 
difference between P^ and Pj-4 since this is the energy storage 
associated with both windings* The flux which does not cut 
the secondary winding does not contribute to E4. The leakage 
flux may change under load, when current is flowing in the 
secondary winding. 

The mutual inductance between the primary and secondary 
winding can be derived from the mutual impedance. 

That is ^ 

I 


This will be an impure mutual inductance because the 
secondary voltage is not in quadrature with the primary cur- 
rent, since the flux in the iron is not in phase with the 
exciting current due to the iron losses. 

The mutual impedance wall consist of two components : 


Zm — 




^2^4 “t" ^2^4 
+ ^2 


ohms. 




a 2&4 dj) 2 


ohms. 


The mutual inductance 


will be M = henries. 
27 tf 


The impurity wall be the effective resistance which can 
be considered as acting in the circuit, causing the departure 
jfrom true quadrature of the induced voltage with respect to 
the primary current. 

Tn dealing with iron circuits, however, the effective mutual 
inductance derived above would be of little significance, but 
the method is given for use when air-cored or small loss circuits 
are measured. 
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It will be noticed that all the properties of the circuit have 
)een derived without any angles entering into the calculations. 

All the vector values can be plotted directly on squared 
paper from their components. Care must be taken in con- 
lexion with the actual signs of the measured values, otherwise 
mtirely erroneous results will be obtained. In practice a 
quantity is often measured with both signs reversed due to the 
potential leads being reversed. This gives the measured value 
an apparent displacement of 180° from its true position, but 
there is seldom any doubt as to its true polarity if a rough 
vector diagram is drawn. Both signs can be reversed by a 
reversal of the potential leads, but never one sign only. The 
reversal of both signs does not, of course, affect calculated values. 

In calculating power and stored energy, the result may give 
a negative value if one of the quantities has been measured 
with its signs reversed in this way, but the magnitude wiU be 
correct and unless complex circuits are being investigated, the 
final sign of both power and reactive volt-amperes can be taken 
as positive so long as the components are treated strictly 
according to sign in the calculation. 

When circuits containing inductance and capacitance or 
more than one source of power are being measured, great care 
in the correctness of the recorded signs of components must 
be taken, because some of the power and reactive volt-ampere 
measurements will be positive and some negative. All ambig- 
uity is removed at the outset if the polarity of the potential 
leads is carefully observed. Eor the correct signs to be obtained, 
the two potential leads should progress in their same relative 
positions from point to point round the circuit. That is, the 
positive lead moves on to a new point, and the negative lead 
moves to the point previously occupied by the positive lead. 
In any closed circuit the sum of aU inphase or quadrature 
components should be zero. 

When the phase angle of any vector is required, it will be 
readily found from the ratio of the components. 

The phase of the current with respect to the terminal voltage 
will be given by 

= tan~i — — tan~^ — . 
dx ^^2 
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The phase of the flux with respect to the currerit will be 
given by 

6 = tan“i — — tan~i p. 

hi 

Strict attention must again be paid to the actual measured 
signs of the components. 

There are many cases in which measurement of the voltage 
or current in co-ordinate form gives a very powerful means of 
investigation into a.c. circuit phenomena, and for the purpose 
of illustration some further examples will now be considered. 

The torque on the rotor of an induction motor is propor- 
tional to the product of the fluxes entering it and the sine of 
the angle between them. The eddy current motor is a simple 
example. If a search 

coil is wound round 

each half of the eddy / \ 

, /Seajkh Coils \ 

current motor poles f / / ^ \ 

shown in Fig. 109, a / \ ^ 1 

voltage will be in- ( ) j I 

duced in each of the \L-— J/ — / J 

search cofls when the „„ \ I X ^ 

motor is excited. The X. I 1 

torque on the motor 

disc will be propor- current motor, 

tional to the product 

of the two fluxes in the poles and the sine of the angle between 
them. This is because the flux induces an e.m.f. in the disc 
which causes a current to flow, and this current is acted upon 
by the flux in the other pole and vice versa. Since the voltage 
induced in the disc is in quadrature with the flux inducing it, 
it is only the quadrature component of the flux which can act 
upon the current in the disc. The torque is proportional, 
therefore, to the quadrature product of the fluxes or induced 
voltages. Thus if Ei and are the voltages measured in the 
two coils, the torque in the disc wiU be proportional to 

El = ai + jb^ 

Eg = Ug -h Jftg* 


fmrm Wincing 


/ Bddy 

CURRENT 

Disc 


Fig. 109. — ^Eddy current motor. 


when 

and 
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This forms the basis of a simple practical experiment on 
the theory of the induction motor, 

The attenuation of any complex network or circuit can be 
readily determined from the measurement of the input and 
output current and voltage. 

If the input voltage and current are Ei and I2 and the 
output voltage and current are E3 and I4 

when El == «! + jb^, I2 = as + jb^, etc. 

The input power will be 

Pi = aiUa + bybi watts. 

The output power will be 

Pj = a,®! + 6364 watts. 

The ratio of the powers will be 

Pi ^1^3 "I” b xb 2 

Pa ~ agUi + bzbi 

The attenuation will be 

10 Logio decibels. 

+ O3O4 

If the input and output impedances are both equal to Z, the 
ratio of the input and output powers will be 

Ella _ Ei^Z 
E3I4 Es^Z' 

The attenuation will then be 

irrespective of the nature of the impedance. 

The power dissipated in the network is Pi — P, 

= (aiOSj + 616a) — (osCfa + 6364) watts. 

The phase-shifting effect of the network on the current is 
given by 

tan-i — — tan~i — 

and on the voltage by 

tan“i ™ — tan“^ — . 

di 
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The mutual admittance between input and, output is the ratio 
of the output current to the input voltage. 


This is 


“-M. 


1-4 


^4 4 - 


^ 1^4 + 6164 

+ 61^ 


+ J 






mhos. 


Similarly the mutual impedance between the output voltage 
and the input current will be 




2-3 


+jbs 

^2 +i &2 


“1“ 


+ 3 


’® 2^3 a 36 2 

~aJ~+TJ' 


mhos. 




The mutual admittance or mutual impedance between input 
and output is not necessarily the same as that between output 
and input except in a symmetrical network, such as a simple 
transmission line, a filter, or an even ratio transformer. 

The general equations governing the relationship between 
input and output currents and voltages can be easily deter- 
mined in any network from the measurements on no-load and 
short-circuit. 

The no-load and short-circuit constants measured upon any 
network, however complex, will give the relationship between 
the current and voltage at any two parts of the network at 
which the measurements are made, so long as the network is 
made up of circuits in which the current is proportional to 
the voltage. Even when transformers with iron cores are 
present, the proportionality in many cases is sufficiently close 
over the working range. 

If the relationship is required between the two points which 
can be called the input and output points respectively, it is 
necessary to measure the admittance at the input points wh^n 
the output points are open-circuited and the impedance at the 
input points when the output points are short-circuited. If 
the circuit is unsymmetrical, two further quantities are re- 
quired, these being the ratio of input to the output voltage on 
open-circuit (i.e., open-circuit voltage attenuation), and the 
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ratio of the input to output current on short-circuit (i.e., the 
short-circuit current attenuation). 

The four quantities Open-circuit admittance Yo 
Short-circuit impedance 
Voltage attenuation ratio Ci 
Current attenuation ratio C2 

are all vector quantities derived from the a.c. potentiometer 
measurements of voltage and CTirrent ; Yo will be given by the 

j ' 

quotient of when the output is open-circuited, 

El 

E 

Zk by =-), when the output is short-circuited, 
i 2 

E * 

Cl by when the output is open-circuited, and 
E3 

I " 

C3 by when the output is short-circuited, 

14 

where the dashes against the symbols indicate that the par- 
ticular value of that quantity is used as obtained in the particular 
condition concerned. 

In order to measure 14", which is the current passing through 
the short-circuit, the short-circuit will have to be made by a 
low resistance of known value. Whether the resistance is 
sufficiently low to get an accurate result can be tested by alter- 
ing its value and noting the change in I4". A few values will 
indicate the limiting value to which I4"" can rise. 

When these four constants have been determined in vector 
form, the relationship between the input and output current 
and voltage for any load impedance will be given by the equa- 
tions 

Eg = C2 (Ei 

and I, == Ci(l2 -- EiYo) 

or conversely Ei = C1E3 -f 

a^nd I, = CJ4 + C1E3Y0. 

If the circuit is symmetrical, it will give the same impedance 
or admittance value if measured at either the output or the 
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input points. In tMs case the above equations are simplified 
and Oi = Ca = C 

and El = G(E3 + I4ZK) 

I3 = C(l 4 + E3Y„). 

If the output load admittance Y is kn own I4 = E3Y. 

El = E3C{1 + YZk) 
and I3 = EjCCY + Yo). 

That is, the voltage attenuation will be given by 

|-*-C(1+YZk) 

and the mutual admittance between the input and output, that 
is, the input current for unit output voltage, will be given by 

i = C(Y + Y„). 

The input impedance to the network will be 

El _ 1 + YZk 

I, y + Ya ‘ 

The symbolic representation ^ of the double frequency quan- 
tities of power and stored energy (or reactive volt-amperes) is 
such a powerful tool in circuit problems that it is worth while 
gaining complete familiarity with rules of double-frequency 
algebra as distinct from the algebra of complex quantities of 
single frequency. The requirements of a.c. potentiometers are 
largely covered by the following two products giving the power 
and reactive volt-amperes corresponding to the measured 
voltage and current. 

If E = ± ± jbi and I = ± a* ± jb^ the power 

p == Jt: ^1^2 watts. 

The stored energy 

Pi — i ^ib% T reactive volt-amperes 

= ± joules. 

istf 

Calculation of Results of Polar Potentiometer Meas- 
urements. — -When the current and voltage acting in a circuit 
are measured by means of the polar potentiometer, the results 
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appear in vector form as a voltage magnitude with a phase 
angle relationship with respect to some datum vector. The 
datum vector is arbitrary and can be any convenient one such 
as the volt drop in a non-inductive resistance representing the 
current phase in the circuit. 

If the voltages in the circuit shown in Fig. 108 are measured, 
and the voltage on the non-inductive resistance is taken as the 
datum vector, the angles of the voltages Ej, E3 and Ej will be 
<l>i, 4 3 9^4- The magnitude of each of the voltages win be 

directly determined from a single potentiometer reading. 

E 

The current I flowing in the circuit will be 


The total power delivered to the circuit wiH be 


EjEa 


cos (f>2. 


The total reactive volt-amperes will be 


EiEj j 

r 


sin 


The power consumed by the choke will be 


EjEj 

r 


cos ^3. 


The reactive volt-amperes in the choke will be 



The power loss in the iron will be 


E3E3 


cos (f>i. 


u 

E 


V cos (j>3 


E 

The impedance of the choke will be ^r. 

The phase angle of the choke will be ^3, 
so that the effective resistance will be r* 

E 

and tlie reactance Xq=^ sin ^3. 

Eg 

The flux will be given by the relationship 

VWN.’ 

E4 being the simple numerical value as determined by the 
potentiometer. 

The mutual inductance would be given by 

^ ^ 4 - 
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The Attenuation of a Circuit or Network.® — ^The attenu- 
ation of a circuit will be given by the ratio of the input to the 
output power. If and R are the input voltage and current 
and Es and I4 the output voltage and current. Then 


P. 

The attenuation will be 


Eilj cos 
E3I4 cos (f)s' 


10 Log 


EJa cos <l> 
1« E3I4 COS (f> 


- decibels 

3 


where <f)i is the phase displacement between Ei and I^ and ^3 
is the phase displacement between E, and I4. 

The calculation of mutual impedance follows in the same 
way. 

TJ E3 

= t;- 


The phase angle between E3 and I2 will be known from the 
measurement, calling this the components of Zm, win be 

2—3 


and 


E 

= Y cos ^3 

»Sl2_3 = 


In the calcrdations of the results obtained from measure- 
ments with the polar a.c. potentiometer the trigonometric 
functions are involved. It will be evident that it is necessary 
to know the angles with very great precision to obtain accurate 
values of power where the phase angles are large, and to obtain 
accurate values of reactive volt-amperes where the phase angles 
are small. This makes it necessary to triangulate by measur- 
ing the three vector voltages which form a closed triangle if 
precision is required. The triangles so measured can be solved 
by the ordinary rules of plane trigonometry. 
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CHAPTER XIV. 


HISTORICAL NOTE ON THE POTENTIOMETER. 

The history of the poteatiometer is nearly a century old 
and begins in 1841 when Poggendorff devised a method of 
measuring the e.m.f. of a ceU in terms of another eeU without 
taking current from the former. Very little published data are 
available concerning the actual apparatus except the circuit 
and that a slide wire was used. Poggendorfif developed the 
method farther in work published in 1847, but did not use a 
potentiometer in the form as it is understood to-day, for he 
used a circuit of variable resistance and his determinations 
involved a knowledge of the iatemal resistance of one of the 
batteries. In 1855 Bosscha made the next step forward by 
eliminatmg the necessity for determining this resistance. lia 
1863 du Bois Ra 3 nnond described the use of a constant resis- 
tance slide wire. He had an instrument of his design con- 
structed by Halske in about 1860 which consisted of a circular 
slide wire rotating against a fixed contact. He had already 
described a constant resistance voltage divider m 1849. In 
1861 Latimer Clark made the first English contribution to the 
subject and described a number of circuits which were potentio- 
meters in essence m connexion with a Government report on 
submarine cables. In 1868 Latimer dark made an important 
contribution by introducing another cell, which supplied no 
current, for standardizing purposes but using two galvano- 
meters for balancing. His potentiometer was a long wire 
wound as a helix on a cylinder which rotated in mercury-filled 
bearings and had a graduated circumference dividing the wire 
into 20,000 parts. This was the first introduction of the 
present-day idea of a standard ceU. In the same year Siemens 
introduced his Universal galvanometer which was a develop- 
ment of the round compensator of Halske-du Bois Raymond. 
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In 1871 Von Beetz described a null method of measuring 
the internal resistance of a ceU and in the same year Manee 
described an inverted Poggendorff method of measurement 
upon the ceUs of a multiple battery. In 1872 Latimer Clark 
made his next and important contribution of a real standard 
ceU composed of zinc and mercury in zinc sulphate, and made 
the first publication of the name “ potentiometer ” about this 
time. In his lecture to the Institution of Electrical Engineers 
in 1873, Latimer Clark claimed to have devised a direct reading 
potentiometer, but the data on record are not too clear. Further 
contributions in detail came from Adams in 1874 and Von 
Beetz in 1878, but in 1880 Pellat brought the circuit arrange- 
ment a definite stage nearer to the present form by introducing 
a selector switch so that only one galvanometer was necessary, 
the latter being transferred from the standard-cell circuit to 
the unknown circuit. The circuit was still only partly devel- 
oped and did not contain means for standardizing at a definite 
voltage value, but gave a ratio of known to unknown voltages. 

In 1885 Lord Rayleigh devised a constant resistance poten- 
tiometer circuit by using two resistance boxes in series, and in 
the same year Fleming used a modified Latimer Clark potentio- 
meter with a Daniel cell for a standard with a single galvano- 
meter and selector switch. In 1886 Fleming devised the meas- 
urement of current by the potentiometer and a known resis- 
tance and later the use of a volt box. In 1887 he developed 
the direct reading instrument, practically as used to-day. In 
1890 Crompton, at Fleming's suggestion, constructed a long 
slide-wire instrument with the selector switch for transferring 
the galvanometer for balancing against the standard cell, and 
the rheostat to allow for battery variations. In the same year 
Feussner had constructed the first high-resistance precision 
potentiometer without a slide wire. The mechanically coupled 
dials which increase resistance on one side and decrease resis- 
tance on the other in the manner of the Rayleigh constant 
resistance circuit, and often known as the Feussner potentio- 
meter, are really due to Weston, and were patented by him 
in 1892, 

In 1895 Crompton produced the first commercial instru- 
ment with a single decade dial and shde wire in the same form 
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as it is^ still manufactured. In 1895 R. Fraiike described a 
multi-range potentiometer with parallel and series shunts to 
alter the range, and in the same year Raps applied the Varley 
slide which the latter had devised for fault localization in 1866. 
In 1898 Stansfield contributed the deflexional potentiometer 
with a constant resistance galvanometer circuit. 

By this time the instrument was fully established and 
numerous refinements have been contributed from many 
sources, but no new principle of measurement has been intro- 
duced. 

The a.c. potentiometer began in 1891 with the double 
alternator due to A. Franke. Campbell contributed an a.c. 
compensator in 1900, Drysdale the phase-shifter and potentio- 
meter in 1908, Larsen introduced his beautifully simple circuit 
in 1910. Further instruments were described by Erlang in 
1913, Pedersen in 1919, Gall in 1923, Geyger in 1924, Campbell 
in 1928. Many others have also contributed to the subject of 
a.c. potentiometry. 
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